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ABSTRACT 

The extragalactic distance scale relies heavily on Cepheids. However, it has 
become clear from observations and pulsation models that the slope and zero 
point of their P-L relations differ from galaxy to galaxy. This makes the deter- 
mination of Cepheid distances complex and calls for an independent test of their 
differences. The test is provided by RR Lyrae star distances of 24 galaxies which 
calibrate the tip of the red-giant branch (TRGB; M™*^^ = —4.05), which in 
turn confirms the adopted Cepheids distances on our 2006 distance scale in 18 
cases to within 0.1 mag on average. Relative SNIa and velocity distances deny 
a remaining significant metallicity effect of the adopted distances. The new sup- 
port for these Cepheid distances increases the weight of our previous calibration 
of the SNIa luminosity and of the 21cm line width - luminosity (TF) relation. 
The value of Hq = 62.3 (±5) is confirmed on all scales. 



Subject headings: distance scale — galaxies: distances and redshifts 
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INTRODUCTION: BAADE'S EARLY ATTEMPT TO COMPARE RR 
LYRAE VARIABLES AND CLASSICAL CEPHEIDS IN M 31 



In the late 1940s and early 1950s Walter iBaadd (119481 ) and Edwin iHubbld f ll951f ) had 
formulated their research plans for observational cosmology using the new Palomar 200- 
inch telescope. At various time s in the 1930s Hubble had described his early Cepheid dis- 
tance scale to NGC6822 Jl925h . M33 Jl926h . and M31 Jl929h in the local group as only 
"reconnaissance" studies. He had put the distance moduli of these galaxies all at about 
/i = (m — M) = 22.2 {D = 0.27 Mpc). Hubble then took the scale outward using "brightest 
stars" (later shown to be HII regions) to the M81/NGC2403 and MlOl groups, both with 
/i = 24.0 {D = 0.63 Mpc) on his scale, and ultimately to the Virgo cluster where he adopted 
/i = 26.8 {D = 2.3 Mpc). Although he was fully aware of the time-scale difficulties given 
by this distance scale that gave a redshift-distance ratio (the Hubble constant) of about 
530kms~^ Mpc~^ (the units are assumed in the rest of this paper) with its small expansion 
age of 1/Hq = 1.8 G yr, h e nevertheless believed in this scale as late as 1952. This can be 
seen in Holmberg's (jl950l ) use of Hubble's distances in his survey of the groups centered 
on M81, MlOl, and the Virgo cluster, distances that had been recommended by Hubble 
to him during his Mount Wilson stay to obtain observations of galaxian magnitudes with 
the 60-inch telescope. It is also seen in Hubble's reluctance in 1952 to fully accept Baade's 
revision by about 1.5 r nag for the distance mod uli of M31 and M33, shown by the use of 
his scale in the study (IHubble fc Sandagd 119531 ) of the bright blue super-giant variables in 
each, with only a footnote to the new scale by Baade. (That footnote was inserted into 
the manuscript by one of us who, at the time, was Baade's student and Hubble's assistant. 
Hubble only gave his hesitant approval to the footnote in the late drafts of that paper). 



Baade had been working in the 1930s on extending the magnitude scales of ISeares et al. 



(Il930l ) in the Mount Wilson Catalogue of Selected Areas, particularly for SA 68, to the 
faintness required by Hubble's Cepheids in the three local group galaxies of NGC6822, 
M31, and M33. By the time Baade had resolved the bulge of M31, the f ace of NGC 20 5, 
and the two dwarf companions of M31, NGC 147, and NGC 185, into stars JBaadelll9443 jbl) 
and had identified these stars as the tip of the red-giant branch in globular clusters (often 
named the Baade Sheet in external galaxies and now called the TRGB), he had corrected 
Hubble's magnitude scales (which he ofte n called Hubb le's "enthusiastic" magnitudes), and 
changed Hubble's M31 distance modulus (lBaaddll944al ) to be /i = 22.4, which however was 
only 0.2 mag larger than Hubble's value of 22.2. 

By 1948 Baade had anticipated that he should have detected RRLyr stars in M31 
with the 200-inch telescope starting near V = 22.2 because he believed the mean absolute 
magnitude of these variables was Mpv = —0.23. This value had been determined by IShapley 
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( 119181 ) using the method of comparing the apparent magnitudes of two distance-indicators 
(long period Cepheids and RRLyrae stars in this case) in aggregates of stars (here the 
globular clusters) where they appear together, the absolute magnitude calibration of one of 
which was taken to be known. Shapley had used the method by assuming the Cepheids in 
globular clusters w ere the same as the field Gala c tic Ce phei ds whose a bsolu te magnitudes had 
been calibrated by lHertzsprungj (119131 ) . iRusselll (Il913l ). and IShapleyl (119181 ) by the method of 
statistical parallaxes. Although the theory of the comparison method is correct, the result 
turned out to be wrong for the Galactic Cepheids but, remarkably, almost correct for the 
RR Lyrae stars. It was 30 years later that Baade made the distinction between the globular 
cluster Cepheids (of his population II) and the population I Galactic Cepheids. It has 
turned out that the statistical parallax calibration of the Galactic Cepheids by Hertzsprung, 
Russell, and Shapley was too faint by about 2 magnitudes, but Shapley's calibration of the 
globular cluster Cepheids was close to what we know now to be the correct calibration of 
the Population II Cepheids, leaving Shapley's value of (My) = —0.23 fo r the R R Lyrae stars 
reasonably correct for the purposes of the argument made by iBaadd (119541 ) at the Rome 
1952 meeting (we adopt (My (RR evolved)) = +0.52 at [Fe/H]= -1.5 in §[2]). 

When Baade did not find the M31 RRLyrae variables at V = 22.2 he had two choices. 
Either the absolute magnitude calibration of the classical (population I) Cepheids was wrong, 
and M31 was more distant than Bubble's modulus of 22.2 , or Shapley 's calibration of the 
RRLyrae variables near My = was much too bright. iBehrl (jl95ll ) had suggested the 
error was in the Cepheid calibration by nearly 2 magnitudes. Behr's paper was not cited by 
Baade (although surely he knew of it because he was a voracious devourer of the literature), 
probably because Baade believed his own arguments to be decisive as he gave them at the 
1952 Rome lAU meeting rather than relying on the tricky method of statistical parallaxes 
of Cepheids, sensitive as the result is to Galactic absorption. 

Hence, the method of comparing the apparent mag nitudes o f various distance indicators 
with each other where they appear together began with IShapleyl (119181 ) in the globular clus- 
ters, and continued with Baade's spectacular failure to find the M31 RRLyraes at Bubble's 
distance. Th e method was successful in the LMC and SMC with the discovery by iThackery 
(I1954J . Il958l ) of RRLyrae stars near V = 19 which he had also reported in the summary 
report of Commission 28 at the 1952 Rome lAU meeting. It was Thackery's discovery of 
RRLyrae stars in the LMC and SMC at this faint magnitude, about two magnitudes fainter 
than predicted by the then adopted zero point of the Cepheid P-L relation, that cemented 
the truth of Baade's assertion that a change in the calibration of the P-L relation was needed, 
and therefore that Rubble's distance to M31 must be too short. 



The method of comparisons of Cepheids and RRLyrae stars in individual galaxies lay 
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dormant until it was taken up again by lWalker fc Mackl (119881 ) . and was also greatly stimu- 
lated by the arrival of powerful telescopes including HST. But the comparison of Cepheids 
and RRLyrae stars re r aained confined to LMC, SMC, and one or two additional galax - 



ies (ISmith et al. 



99^ 



^; van den Bergh 



Lee et all Jl993h . ludalskil J2000h and 



19951: 



Fusi Pecci et all Il996l : ISandage et all 119991 ). 



Dolphin et all (120011 ) included a lso the TRGB for 



comparison (see also ISandagelll97ll ) and the magnitude of the red clump. ISakai et al.l (l2004r) 



exten ded the comparison of TRGB and Cepheid distances to 17 galaxies (see also lRizzi et al. 
2007h . 



The importance of comparing different distance indicators - i.e. mainly Cepheids, RR 
Lyrae stars and TRGB - to the level of ~0.05 mag lies in the new developments which show 
that the P-L relation o f classical Cepheids differs from galaxy t o galaxy. It has been argued 
dTammann et al.l boosl . hereafter TSR03; ISandage et aD l2004j . hereafter STR04) that the 
slope and zero point of the Cepheid P-L relation differs between the Galaxy and LMC, and 
that the difference is likely to b e a metalli city effec t, and may depend on helium as well 
according to pulsational models (IMarconi et al.ll2005l ). 



The ine quality of Cepheids i n diff erent galaxies should not come as a surprise. It was 



known since iGascoigne &: KronI (Il965l ) that SMC Cepheids are bluer than others, which 
alone precludes identical P-L relations. The color difference is not only caused by Fraun- 
hofer blanketing of the metal lines, but it is also due to a real te r apera ture difference of 
Cepheids at given period as was shown already by iLaney &: Stobid ( 119861 ). Galaxy-specific 
differen ces of Cepheids were also demonstrated by differences in their light curves at given 
period (ITanvir et al.ll2005l : iKoen fc Siluyelell2007l ). But it took a wealth of good data to study 
galaxy-to-galaxy differences of the P-L relations themse lves, for instance photometry of large 
numbers of Cepheids in the Galaxy, LMC, and SMC ( 



Berdni 



1999al jb[). inde pendently d etermined reddenings (iFernie et al.l 



cov et al 



19951: 



2000 



Udalski et al. 



Udalski et al 



and d istances ( Feast 1999, for Cepheids in Galactic clusters, Fouque et al.lboosl and 



1999a 



b). 



Barnes et al 



20031 for moving-atmosphere Baade-Becker- Wesselink [BBW] distances and distances of LMC 
and SMC [as compiled from many authors in Tables [6] and [7] here]). These data show that 
the P-L relation of Cepheids cannot be universal. The reason is that the metal-poor LMC 
Cepheids are shifted in the luminosity - diagram (i.e. the instability strip in the HR di- 
agram) t o higher temperatures at constant L as compared to metal-rich Galactic Cepheids 
( ISTR 04l ) . The different slopes, which the Cepheids define in the instability strip causes also 
the slopes of the P-L relations to be different. 

The slope difference of th e P-L rel ations of the Galaxy and LMC (and of short and long- 
period Cepheids in LMC; see ISTR 04l ) is particularly troublesome because the difference of 
the absolute magnitude of the Cepheids in the two galaxies becomes a function of period. 
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While the blue LMC Cepheids are brighter than their relatively red Galactic counterparts 
by as much as AMy = 0.36 mag at log P = 0.5, the difference diminishes with increasing 
period and changes sign at log P = 1.38. From this follows that if the luminosity difference 
is interpreted as a metallicity effect, any metallicity correction must depend on period. 

It is a coincidence that the new P-L relations and the period-dependent metallicity 
corrections lead to distances, which on average agree reasonably well with earlier Cepheid 
distances, al though the latter wer e base d on the unjustified assumption that the LMC P- 



L relation of Madore fc Freedman ( 



9911) was unive r sal. A s an example, the early Cepheid 



Ferrarese et al.l (l2000al ) , iFreedman et al.l (120011 . Table 3 



distances of eight or more gal a xies b y 
col. 2), and lTammann et al.l (|2002| ) agree with those adopted here and by 



STS 06 to within 



less than 0.1 mag, - regardless whether some kind of bulk metallicity correction, irr espectiv e 
of period, is applied and independent of the adopted LMC zero point (for details see ISTS 06l ) . 



However, the near agreement of the old and new Ce pheid distances collapse s if Cepheids 
with n on-average properties are considere d. For instanc e . iFreedman et al. lJ200lh and lRiess et al, 
koO^ . using the LMC P-L relation of ludalski eTall Jl999cl ) or Ixhim et al.l J2003h . have 
based their luminosity calibration of SNe la on only six and four galaxies, respectively, whose 
Cepheids happen to be particularly metal-rich and to have quite long periods. Correspond- 
ingly, the new period-dependent metallicity corrections become important and are the main 
reason why our present dis tances of these galaxies a re longer by ~0.3 mag on average than 



adopted by these authors (ISaha et al.ll2006l : ISTT 06l hereafter). The ensuing discrepancy in 



Hq as derived from Cepheid-calibrated SNe la is in the order of 15%, our scale being longer. 

The purpose of this paper is to construct an independent distance scale based on Pop. II 
stars in order to test our Cepheid distances. RR Lyr magnitudes of 24 galaxies are compiled 
from the literature and uniformly reduced (§ 12. ip . They are used to calibrate the absolute 
magnitude M/^*^^ of the TRGB and to test its dependence on metallicity (§ 12.21) . The dif- 
ferent P-L relations and their calibration are discussed in § |3l The (satisfactory) comparison 
of the Cepheid and TRGB distances of 18 galaxies is in § HI The Hubble diagrams with 
increasing outreach from TRGB, Cepheid, Cepheid-calibrated TF and SNIa distances and 
the resulting value of Hq are discussed in § O The conclusions are in § El 
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POPULATION II DISTANCE INDICATORS 



2.1. RR Lyrae Stars 

2.1.1. The calibration of RR Lyrae stars 

A summary of many calibration studies of the absolute magnitude of RR L yrae stars 
as function of metallicity has been given elsewhere (ISandage &: Tammannl |2006| . hereafter 
ST 06), the details of which are not repeated here. However the results are these. 

(1). It is almost certain that the relation between My^ and [Fe/H] is non-linear. Most 
theoretical models of the zero-age horizontal branch (ZAHB) made after about 1990 predict 
the non-linearity. Although the My luminosity of the level part of the zero-age HB is a 
function of [Fe/H] (higher metallicity models have fainter ZAHB), the va riation of My with 



[Fe/H ] becomes progressively smaller as [Fe/H] is decreased (see Fig. 3 of IVandenBerg et al. 



2000l . reproduced as Fig. 9 of ST 06). This non-linearity, of course, applies also to that 



models are by 


Lee et al. i . 


L990h. Castellani et al. 


(1991). Bencivenni et al. l\ 


991). Dorman 


fl992h. CaDuto et al. 


(199; 


B), Caloi et a] 


.J199'i 




Salaris et al. { '. 


997). ICassisi et al.l (1999). 


Ferraro et al.l ( 


1999). 


Demaraue et al. 




VandenBere et al. 


(2000|), and 


Catelan et al. 


(2004). 



The non-linearity also carries over to the HB that has evolved away from the ZAHB. 

(2). There are many observational data that also sugg est tha. t the calibration of My^ 
with [Fe/H] is non-linear, many of which are summarized bv lST06l. Importan t amo ng these 
is the analyses of RR Lyrae data in many globular clusters by ICaputo et al. (2000). These 
authors combine a pulsation equation that relates period, luminosity, temperature, and mass 
with observational data for globular cluster RRLyraes at the blue edge of the instability strip 
for overtone pulsators and at the red edge for fundamental mode pulsators. Their obvious 
non- linear My calibration, shown in their Figure 3, is reproduced as Figures 11 & 12 of 



ST 06l . Their study using observati o nal data follows earli e r non-linear analyses of M y^ as 
function of [Fe/H] bvlCaputd (119971 ). iGratton et al.l (119971 ) . iDe Santis fc Cassisil (Il999l . their 
Fig. 15), McNamara et al. (j2004 ). and undoubtedly others. The most recent is the study by 



Bono et al. 



(120071 ) where they show the non-linearity over the entire range of [Fe/H] from 



to -25 (their Fig. 16). 

(3). The zero point of the resulting non-linear My^ — [Fe/H] relation can be found 
by several methods, some leading to the so-called long RR Lyrae scale that gives (My) near 
+0.52 at [Fe/H]= -1.5, and the short scale that gives (My) near +0.72 at [Fe/H]= -1.5. 
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There are three calibration methods of high weight that lead to the long scale. In the 
order that we assign their reliability they are these. 

(a) The discovery of Delta Scuti stars in globular clusters, which are ultra short period 
dwarf Cepheids whose population II p ro totype is the low metallicity pulsator SXPhoenicis 
(Eeme^ES; iNemec fc Mateolll990al jbl: | McNamaral 119971 for reviews), opened the way for 
a potentially definitive calibration of RRLyrae luminosities in globular clusters. There are 
also a number of such population II stars in the nearby field with high-weight Hipparcos 
trigonometric parallaxes. Using these as absolute magnitude calibrators for the globular 
cluster SXPhoenicis stars gives the distances to globular clusters that contain them, and 
hence also the ab solute magnitude of the RR Lyrae stars in these clusters. In this way 
McNamaral (119971 ) has derived an RRLyrae calibration that gives (My (RR evolved)) = +0.52 
at [Fe/H]= -1.5. 

(b) Main sequence fitting of a globular cluster CM diagram to the Hipparcos trigono- 
metric parallax data for field subdwarfs of the appropriate metallicity gives the distance to 
the cluster. An extensive literature of the complications of the method exists (correction for 
reddening of the main sequences of the globular clusters, the requirement for precision mea- 
surements of [Fe/H] both for the globular clusters and for the appropriate Hipparcos subd- 
warfs, whether the Lutz -Kelker bias co r rectio n should be applied t o the Hipparcos paral laxes, 
etc.), include pape r s bvlCratton et aP Jl997h . iReidI Jl997l . Il999[ ). ICarretta et al.l J200oh . and 



VandenBerg et a 



by iGratton et al 



J200J7 Representati v e stu dies le ading to the long dista nce scale are 
Jl997h . ICarretta et aP J200oh . and iMcNamara et al.N2004h . among oth- 
ers cited therein. These calibrations are all consistent with M y (RR evolved) = +0.52 at 



[Fe/H]= —1.5 to generally better than 0.05 mag. A summary by iGrattonI (119981 ) to 1998 is 
important. 



( c) Several recent mo dels of the ZAHB give My = 0.65 (jVandenBerg et al.ll2000l ) and 
0.60 (ICatelan et al.l 120041 ) at [Fe/H]= —1.5. These must be made 0.09 mag brighter to 
account for the average evolution away from the ZAHB, which gives a mean My = 0.53 at 
[Fe/H]= —1.5 for the average RRLyr state. Both of these studies give non-linear My(Fe/H) 
relations. 



0.52 at [Fe/H]= —1.5 is adopted here. This is in excellent agreement with the 



RRLyr stars in LMC observed by lClementini et al.l (l2003ar) at (rri y) = 19.06 after correction 



for absorption and an LMC distance modulus of 18.54 (ITSR OSl . Table 6 with the RRLyr 
entry removed; see also Table E] below). But it is emphasized that the RRLyr calibration 
does not depend primarily on the adopted LMC distance, which is used in § l3.2.2l to calibrate 
the P-L relation of the Cepheids in LMC. It is our aim to keep the Pop. I and Pop. II distance 
scales as independent of each other as possible. 
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Combining the parabolic form of the My^— [Fe/H] relation of ISandagd (120061 ). using 
the pulsation equation together with the observed logP— [Fe/H] relation for cluster RRLyr 
stars, with the adopted value of My = 0.52 at [Fe/H]= —1.5 gives the calibration of 



My(RR evolved) = 1.109 + 0.600([Fe/H]) + 0.140([Fe/H])^ 



over the metallicity range > [Fe/H] > —2.5. From the way it is derived using the mean 
evolved level of the RRLyrae variables in the LMC, equation ([1]) refers to the mean evolved 
absolute magnitude of the variables, not the level of the zero-age HB at the RR Lyrae position 
on the HB. 

Other methods and analyses lead to a fainter RRLyrae calibration. A comprehen- 
sive review to 1999 is by iPopowski fc Gouldl (Il999l ). In addition to the methods discussed 
above, these authors analyze two methods; (a) globular cluster kinematics where proper 
motions are compared with observed radial velocities of individual cluster stars, and (b), 
where an observed cluster white dwarf sequence is fitted to a calibrated HR diagram. Alto- 
gether they discuss seven methods for an RRLyrae calibration keeping the three that they 
consider the most robust to be statistical parallaxes of field RRLyrae, trigonometric par- 
allaxes of field RRLyrae, and internal cluster kinematics. From these they conclude that 
(My(RRevolved)) = +0.71 at [Fe/H]= -1.6. This is 0.20 mag fainter than equation 
which gives (My (RR evolved)) = +0.51 at [Fe/H]= —1.6. Among the consequences of this 
faint calibration is that, using the obser vations of the me a n level of the RRLyrae in the 
LMC similar to but earlier than those of IClementini et al.l (l2003al ). iPopowski &: Gouldl de- 
rive a distance modulus of the LMC as = 18.33 + 0. 08. This is 0.21 mag smaller than 18.54 
which we take to be correct as shown by Table 6 of ITSR03I and Table [6] here, supporting 
the calibration of equation ([T]), which we adopt as our scale in the remainder of this paper. 



The intermediate RR Lyrae calibration by iBono et al.l (120071 ) confirms the non-linear 
dependence on [Fe/H]. It is based on convective mixing- length models that give absolute 
magnitudes averaging 0.1 mag fainter than equation ([1]) here. Their equation (10) gives 
My (RR evolved) = +0.64 at [Fe/H]= -1.5, that - with {V^^^) = 19.06 for LMC from 
sources in Tabled] - gives /^°(LMC) = 18.44, which is only 0.1 mag less than the adopted 
value in Table [6] below. 

We have not discussed the many calibrations of (My^) for individual stars using the 
moving-atmosphere method (BBW) for which there is a large literature. In the hands of a 
dozen investigators, these RRLyr calibrations cover the range of the short and long scale 
values from (My^) of +0.7 to +0.5 mag at [Fe/H]= —1.5, and therefore are of no help here 
to decide between them at the 0.2 mag level. 
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2.1.2. Twenty-four RR Lyr distances to nearby galaxies 



The purpose of this section is to summarize the recent data on detection and measure- 
ment of the RR Lyr variables in nearby galaxies and to use equation ([1]) to determine RR Lyr 
star distances to them. 

The literature has been surveyed up to the end of 2006. The results are given in Table [H 
ordered by right ascension. Column (2) shows the number of RRLyr in the particular study. 



The metallicity given by the original authors is in co^ 
the measured (V^) and the E{B — V) r eddenings from 



papers used the g photometric band flThuan &: GunnI Il976h rather than V . These were 



transformed to V by {V) — {g) = +0.04 (jSaha et al. 



umn (3). Columns (4) and (5) list 



1199 



3). 



Schlegel et all (119981 ). A few of the 



Column (6) is the assumed Ay 
absorption calculated from ?).1^E{B—V). The absorption-free values, found by combining 
columns (4) and (6) are in column (7). The calculated absolute ( My (RR evolved)) magnitude 
of the RRLyr stars using equation ([T]) is in column (8). The value used by the original authors 
based on their various adopted RRLyr calibrations is in column (9). Column (8) combined 
with column (7) gives the adopted distance modulus in column (10). The distance from the 
original authors in column (11) is not necessarily the difference of columns (7) and (9) mainly 
because of differences of the adopted absorption. The telescope used for the literature study 
is in column (12). The literature reference is in column (13), identified as a footnote to the 
Table, with the details in the References. 

Our adopted values in column (10) are the basis for the distance scale to which all 
other scales are compared in the remainder of this paper. These adopted RR Lyrae distances 
agree to 0.04 ± 0.08 with those published by the original authors, or 0.02 ± 0.01 if the early 
determinations for NGC 147 and NGC 185 are neglected. We take this good agreement as a 
broad consensus with our equation ([1]) and our adopted RR Lyrae distance scale. 



2.2. The Tip of the Red-Giant Branch (TRGB) 



The potential of the infrared TRGB magnitude as a distance indicator has been pio- 
neered by iDa Costa &: Armandroffl (Il990l ) . The basis of their work is that the cores of red 
giants with initial masses ^ 2 9JIq are fully degenerate at the moment when the helium flash 
occurs and with nearly constant core masses th eir luminosity increases only mildly with in- 
creasing Z ( lRoodlll972l : ISweigart fc Grosdl 19781 ). This increase of Mbd is compensated in the 
/-band by the increasing effect of line blanketing such that Mj^'^^ becomes a useful stan- 
dard candle for old, metal-poor populations. The importance of this is that Mj^'^^ extends 
the Pop. II distance scale by a factor of ~10 beyond the reach of RRLyr stars. Moreover a 
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great wealth of apparent m™*^^ magnitudes has since been accumulated by many authors. 



The method of the TRGB is generally employed only in the range —2.3 < [Fe/H] < —0.7 
because more metal-rich red giants have an increasingly fainter tip magnitude (s ee below). 



If it i s restricted to popu lations older than 7 Gyr the effect of age is negligible (ILee et al. 



19931 : iReikuba et al.ll2005[ ). 



2.2.1. The calibration of M/^^^ 

The 24 galaxies with RR Lyr distances in Table [T] are repeated in Table [2], where also 
the corresponding apparent m™*^^ magnitudes (column 4) and their references (column 6) 
are given. The resulting absolute value^jof M™^^ = m™*^^ ~/^rr given in column (5). 
The mean of the absolute magnitudes Mj^'^^, omitting Sag dSph whose TRGB is not well 
defined, and Phoenix whose RRLyr distance is uncertain, is 

^TRGB ^ _4 ^ g_g2^ (2) 

which we adopt. The value holds for a mean TRGB color of (^— J)™^^ = 1.6 (see Table [21 
col. 2), which translates into [Fe/H] ~ —1.5 (see below). The standard deviation of the 
individual determinations of Mj^*^^ is a = 0.08 mag. This is smaller than expected from 
observational errors alone. It follows from this that the random error of a single RR Lyr star 
or TRGB distance is in any case smaller than 0.1 mag even if metallicity corrections of the 
TRGB are neglected (see §[2X3]). 

The six late-type galaxies in Figure [1] deviate from the zero-line by 0.04 ± 0.03 mag, 
being brighter. The near agreement of Mj^'^^ for late-type galaxies and for dwarf spheroidals 
indicates that internal absorption in the parent galaxy is negligible for all practical purposes. 



2.2.2. Other calibrations of Mj'^^^ 



Da Costa fc Armandrofj (Il990l ) have based their TRGB calibration on globular clus- 



ters with RRLyr distances; they have obtained Mj^^^ = —3. 98. From the same me thod 



Sakai et al.l (120041 ) have adopted —4.05. The value of —4.06 of iFerrarese et al.l (l2000bl ) was 



calibrated by Cepheids. The l uminosity of —4.07 bv iBellazzini et al.l (l2004al ) rests on the 
distances of uj Gen and 47 Tuc. [Safaris fc Cassisil (119971 ) have determined the TRGB magni- 
tude from theoretical stellar evolution models and found —4.16, which however includes also 



^The values of Af/^*^^ and m™^^ are corrected for Galactic absorption throughout. 
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very short-lived stars. They have revised (119981 ) their result to —4.27 and —4.24, respec- 
tiv ely, depending on th e adopted bolometric correction. The res ult was closely confirme d 
bvlReikuba et al.l (I20051) based o n the stellar evolution database of iPietrinferni et al. J2OO4I ). 



Bergbusch &: VanderiBera (I2OOI, Fig. 15) i mply a value close to —4.05 based on the models 



of IVandenBerg et all (I2OOOI 



Rizzi et a 



(120071) have fitted the HB of five galaxies to the 



metal-dependent HB of ICarretta et al.l (120001 ) whose zero point rests on trigonometric par- 
allaxes; their result is —4.05 ± 0.02. All values of M™^^ quoted in the Section refer to a 
metallicity of [Fe/H]= —1.5. The calibration with RRLyr stars in § 12.2.11 which refers to 
the same metallicity, is in good to excellent agreement with the values quoted here. 



2.2.3. The dependence of Mj^'^^ on metallicity 



The absolute magnitudes Mj^^^ of Table [2] are plotted against the color (V^— /) of the 
TRGB in Figure [H The colors are taken fr om the origiii a l liter ature. Th ey are converted 



i nto m etallicities [Fe/H]zw on the scale of IZinn fc WestI (119841 ) following iBellazzini et al. 



(I2OOII) and shown at the upp er edge of Figure [H The metallicities [Fe/H]cG in the system 
of ICarretta fc GrattonI (119971 ) are also shown. 



The calibrators in Figure [T] suggest an increase of the TRGB luminos ity with increasing 
metallicity, the reality of which we doubt however. The five calibrators of iRizzi et al.l (120071 ) 



give a fiat calibration, alt hough for a narrower me tallicity rang of —1.8 < [Fe/H] 



zw 



< 



— 1.3. Also the models of IVandenBerg et al.l (120001) do not show a systernatic change of 
the TRGB with metalhcity JBergbusch fc VandenBejglboOll : iR^jkuba et al.lbood . Fig. 13); 
the tip becomes fainter only for the most metal-rich red giants with (V — I) > 2.0. The 
strong decline of the tip magnitude redwards of this limit has been directly observed in rich 
populations with a wide nietallicity spread as in the Galactic bulge (IZoccali et al.ll2003l ) and 
in the halo of NGC5128 jReikuba et al.ll2005h . 



Model-dep endent variations of the TRGB magnitud e with m etalli city have al s o bee n 
determined by ISalaris &: Cassisil (119981 ) . IBellazzini et al.l (l2004al ). and iRizzi et al.l (120071 ). 
Their results are displayed in Figure [H after they are normalized to Mj^'^^ = —4.05 at 
(V — I) = 1.6. The authors agree that the TRGB magnitude does not change by more than 
0.05 mag over the interval 1.4 < (V-I) ^ 1.9 or -2.0 < [Fe/Hj^^ < -1-2. For the most 
metal-poor red giants the results diverge. For the metal-rich red giants with [Fe/H]zw > —1-2 
the results agree on a progressive dimming of Mj^'^^. 

The near constancy of M™*^^ over a wide metallicity interval is fortunate because 
no metallicities or colors (\/ — J)™^^ are available for most galaxies with known TRGB 
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magnitudes. 



In the fol lowing; a constant value of M™^^ = —4.05 will be a d opted irrespective of 



metallicity, as iFerrarese et al.l (l2000bl ) as well as iKarachentsev et al.l (l2004j . |2006| . 120071 ) in 
their extensive work on the TRGB have done. Since metal-rich giant branches are unfrequent 
in old populations the mean distance error incurred will hardly be lar ger than 0.05 mag. If 
one compares the distances of 22 galaxies, for which iRizzi et al.l (120071 ) give metal-corrected 
TRGB distances with those one obtains from a fixed calibration of Mj^*^^ = —4.05 they 
differ by only 0.03 mag with a small standard deviation of 0.06 mag. A similar conclusion is 
reached below where TRGB distances with and without metallicity corrections are compared 
with (metaUicity-corrected) Cepheid distances (Table [9]). 



2.2.4- TRGB distances of field galaxies 



Karachentsev et al 



(120041) have compiled ma ny mj magnitudes and have provided 



additional ones in IKarachentsev et al.l (l2006l . l2007l ). Other authors have observed the TRGB 
in many additional g alaxies. Altogether, m™'~'^ magnitudes are available for 218 (mostly 
dwarf) galaxies. Since IKarachentsev et al.l have used the same TRGB calibration as adopted 
here, their listed distances remain unchanged. For consistency all distances have been slightly 
adjusted, where necessary, to the present calibration of M™^^ = —4.05. 



2.2.5. TRGB, the Virgo cluster, and the cosmic distance scale 



Caldwelll (120061 ) has observed the TRGB in the Virgo galaxy NGC4407 and in five 
small dwarf galaxies in its vicinity and obtains - with our calibration - a mean distance 
of /i° = 31.08 ± 0.05. An anonymou s Virgo dwarf away from other galaxies yields 31.22 



with a more realistic error of ±0.17 (IDurrell et a. 



20071). In vie w of the depth effect of 



the Virgo cluster, which amounts to 2-3 Mpc (eg. iMei et al.l 120071 ) even on the assumption 
of sphericity, these first distances to individual cluster members cannot be taken as giving 
the mean cluster distance. TRGB distances of a statistically fair sample of Virgo cluster 
members will be most valuable as a test for the entire distance scale. 



TRGB s t ars ha ve al so been detecte d in the intracluster medium of the Virgo cluster. 



Durrell et all (l2002l ) and ICaldwelll ((20061) quote distances of 31.36 



^'^ofr and 31.2 ± 0.09, 



re- 



M / M / i -U.l, 

However, these are only lower limits to the distance of the cluster core, because 



Durrell et al.l do not actually quote a distance to their Virgo cluster fields. The value /i" = 31.36 follows 
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only the nearest TRGB stars can be detected in the cluster field, while the more distant ones 
are drowned among the red-giant stars on the near side. 

Information on the TRGB distances is available for four SNela at present. Their rel- 
evant data are set o ut in Table P Th e corrected my (max) magnitudes of the SNela in 
column (2) are from iReindl et al.l (120051 . Table 2, column 9, in the following RTS05). The 
TRGB distances of the individual parent galaxies (column 4) and of the mean TRGB dis- 
tances of their respective groups (column 6), together with the number of group mem- 
bers involved (column 7), are from the sources identified in column (8). All distances 
are based on M/^^^ = —4.05. The resulting absolute magnitude of the four SNela, 
based on the group distances, is given in column (9). The mean absolute magnitude of 
My (SNela) = —19.37 ± 0.06 is statistical the same as —19.46 ± 0.04, which is based on 
10 SNe la with Cepheid distances (jSTS 06l ) and which has much highe r weight. The latter 
value is also close to various values derived by other s, as sum marized by lGibson et al.l (120001 ) 
in the 5-band. (Note that S^^^ - V^^^ = -0.03; ISTS od l When the TRGB method can 
be pushed to yield reliable distances out to ~31.5, seven presently known SNela will come 
into its reach and will yield an independent calibration of Hq through the TRGB-calibrated 
Hubble diagram of SNe la. 



3. POPULATION I DISTANCES 



The foundation of the Population I distance scale is classical Cepheids. Their met allicity 
dep endent p eriod- luminosity (P-L) relations in B, V, and / have been derived in ITSR03 
and |STR04 It was found that the relative ly metal-rich Cepheids in the Solar neighborhoo d 
([0/H]Te = 8.50 in the Tg-based scale of iKennicutt et al.l J^OoJ and ISakai etaP tooi )) 
define a P-L relation that differs in slope and shape from the P-L relation of LMC ([0/H]Te = 
8.34). It is therefore not possible to determine a LMC distance from a P-L relation that is 
based on Galactic Cepheids. The P-L relations of the two galaxies must be independently 
be zero-pointed. A more general discussion of the problem follows. 



3.1. The forms of the P-L relation 



The only rational to assume that the P-L relation is universal is convenience since 
the time in which it was known that Cepheids in different galaxies have different colors. 



from their /Tf^GiB _ 27.31 and the cahbration of Mj = 



—4.05 used here. 
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temperatures, light curves, and slopes of their P-L relations (see §[I]). Also the break of the 
P-C and P-L relations of LMC at P = 10'^, not yet seen in other galaxies, is alarming (see 
below). However, the investigation of the shape of the P-L relation of individual galaxies 
is difficult because the intrinsic width of the instability strip requires very large Cepheid 
samples distributed over a wide period interval. Such samples are available only for LMC 
and SMC; they will never become attainable in dwarf galaxies. One has therefore to assume, 
in first approximation, that the P-L relations are linear. 

Even on the assumption of linearity the determination of the slope is demanding for 
several reasons, (a) The Cepheids in many galaxies, particularly the distant ones, are often 
restricted to P >, 10'^. (b) Sele ction bias in favor of Cepheids with short periods near to the 
detection limit fjSandagdllQSSl ) tends to flatten the slope, (c) The slope is independent of 
the reddening only as long as it does not depend on the period, which is not warranted a 
priori. 

The reddening values E{B — V) of the Cepheids in all galaxies considered are derived 
from (V^— /) and in some cases (B—V) colors and an adopted template P-C relation with the 
exception of only three galaxies, viz. the Galaxy, LMC, a nd SMC. The i ndividual reddening s 



of the Galactic Cepheids have been derived ab initio by iFernid (Il990l ). iFernie et al. 



TSR03. The 



mm 



and other authors. They have been homogenized and slightly revised by 
reddenings of the Cepheids ir i LMC and SMC have been determined from adjacent red- 
clump stars by lUdalski et al. Jl999al lb[). 



3.1.1. The shape of the Galactic P-L relation 



The shape of the P-L relation of the metal-rich Galactic Cepheids ([0/H]Te 
determined from two independent methods both covering a wide period interval. 



8.50) is 



(a) Thirty-three Cepheids in clusters are taken from the revised list of (iFeastI Il999 
see STR04). Their distances are known from main-sequence fltting relative to the Pleiades 
whose distance modulus of = 5.61 ± 0.02 is well determined from different methods, 



including trigonometric parallaxes (jSTR 04j ) . 



(b) BBW distances are available f or 33 partially overlapping Galactic Cepheids from 
Fouque et al.l (120031 ) and iBarnes et al.l (120031 ). Also includ ed are three additiorial Cepheids 
with distances from interferometric diameter measurements ( iBenedict et al. I I2OO2I : iNordgren et al, 
2OO2I : iLane et allbooi iKervella et aDl2004h . 



The Cepheids under (a) and (b) are corrected for Galactic absorption. The absorption- 
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free magnitudes of the two sets of Cepheids define P-L relations in B, V and / with very 
similar slopes. While they agree at logP = 0.5 to within 0.01 mag, they diverge in all three 
co lors by n ot more than 0.2 mag at logP = 1.5. The adopted mean linear P-L relations 
in ITSR 03l . equations (16)-(18), should therefore be good to within ±0.1 mag over a wide 



period interval. 

The Galactic P-L relation with slope —3.087 ± 0.085 is as linear in all three colors as 
can be determined from a sample of only 69 Cepheids. Provided that the values of E{B—V) 
from iFernie et al.l do not systematically ov erestima te the reddening of long-period Cepheids 
- a possibility which has been discarded in lTSROSi - the Galactic P-L relation does not have 
the break at logP = 1.0 as is observed in LMC (see below). The Galactic P-L relation in B, 
V, and I is steeper than observed in most other galaxies, but the slope is about equally steep 
in the metal-rich galaxies NGC3351 and NGC4321 (Fig. ^ as well as in NGC224 (M31; 
§[33] and ^ 13X5]) . 



From trigonometric parallaxes with the fine guidance sensor on HST [Benedict et al. 



(120071 ) have derived a very fiat slope of the Galactic P-L relation of —2.46 in V, but of their 
10 Cepheids only 1 Car has a period significantly larger than 10 days. The flat relation raises 
several questions. (1) The authors discuss the possibility of a break of the Galactic P-L 
relation. But this creates more problems than it solves. (2) The fiat P-L relation predicts 18 
Cepheids in Galact ic cluste rs with periods 0.6 < log P < 1.0 to be brighter by 0.16±0.05 than 
listed in Table 1 of ITSR03I . These Cepheids lie all in well defined clusters (not in less reliable 
associations!), and an upwa rd revision of the cluster distance scale by this amount is difficult 
to accept, particularly since lAn et al.l (120071 ) have concluded from refined photometry of 7 of 
the 18 clusters that their distances, if anything, should be sh ifted downward s by 0. 12 ± 0.06. 
(3) The luminosity difference between the 10 Cepheids by [Benedict et al.l (120071 ) and the 
P-L relation adopted here is not only a function of period, but also a function of apparent 
magnitude. This opens the possibility of astrometric errors in function of magnitude. Finally 
the 10 parallax Cepheids define a P-L relation in V with a random scatter of only 0.11 mag 
as compared to 0.22 mag in LMC. This confirms the prediction that the intrinsic half-width 
of the G alactic P -L relation is only 0.08 on the basis of the fiat constant-period lines in the 
Galaxy (jSTR04l ). Alone the slope difference of the constant-period lines between the Galaxy 
and LMC constitutes an important difference between the Cepheids of these two galaxies. 



The HST parallaxes by [Benedict et al.l ( 20071) have been augment ed by Hipparcos par- 



allaxes including four additional Cepheids by Ivan Leeuwen et al.l (120071 ). These authors have 
derived a P-L relation from a combination of V and / magnitudes. Since this may conceal 
differences of the separate P-L relations, the relation in V was derived from their data after 
correcting for absorption. Not surprisingly the resulting relation is essentially the same as 
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by lBenedict et al.l (120071 ) because most of the weight hes on the HST parallaxes. 



Fouque et al.l (120071 ) rely for the slope of the Galactic P-L relation on 49 BBW infrared 



surfac e brightness distances, augmented by the 10 trigonometric parallaxes of lBenedict et al. 



(120071 ): they exclude Cepheid distances from open clusters. In this way they derive a slope 
in V of —2.678, significantly flatter than our value of —3.087 and close to the slope one 
obtains if the LMC Cepheids are (unjustifiedly) fitted with a single slope. The authors 
admit that the crux of the BBW method is the correct choice of the p-factor that converts 
observed radial veloci ties into pulsational velocities. They have taken p from the model of 
Nardetto et al.l (120041 ). where p depends on the period P. This is unfortunate because any 
error of the dependence of p{P) translates into an error of the slope of the P-L relation. A 
weaker p{P) dependence yields steeper P-L relations. 



The slope difference between iFouque et al.l (120071 ) and us (jSTROJ) is caused by their 
almost exclusive reliance on the BBW method, while we rely on cluster di stances which 



agreed imp ressively well with t he BBW distances available at the time from iFouque et al. 
( 120031 ) and iBarnes et al.l (120031 ). Our steep slope finds support in metal-rich Cepheids 
other galaxies with define, as discussed in § I3.1.5[ an equally steep slope. 



If Benedict et al.l (120071 ) and IFouque et all (120071 ) claim that the Galactic and LMC P-L 
relations are undistinguishable, they fail to acknowledge the break of the LMC relation at 
logP = 1.0 (see § I3.1.2P and its absence in the Galactic Cepheids. In addition the inequality 
of the Galactic and LMC P-L relations will be shown in 13.1.4^ independent of any adopted 
distances, only on the basis of the Cepheid colors. 



The pulsation models of iMarconi et al.l (120051 ) for high-metallicity Cepheids {Z = 0.02) 
do not give as steep a slope as we observe in the Galaxy. They obtain the steepest slope 
for Y = 0.26 with flatter slopes for higher Y (0.28, 0.31) and lower Y (0.25), but even in 
the first case the slope is significantly flatter than observed. Surprisingly, low er-met allicity 
models with Z = 0.01, Y = 0.26, a composition actually favored for 6 Cep by iNatale et al. 



( 120071 ) ■ come close to the observed slope for the Galaxy. Yet the model slopes are not yet 
definitive because they depend on the position of the red edge of the instability strip, where 
the treatment of convection is necessary. Also the uneven population of the strip due to 
temperature-dependent crossing times should be accounted for. Furthermore, the pulsation 
models show t hat the P-L relation d epends not only on Z but on Y as well. The point is that 
the models of iMarconi et al.l (120051 ) do show that the P-L slopes should vary from galaxy to 
galaxy. 



-17- 



3.1.2. The shape of the LMC P-L relation 



The shape of the P-L relation in B, V, and / of the low-metalhcity Cepheids of LMC 
([0/H]Te = 8.36) is unusuall y well determined by ab out 680 Cepheids from the OGLE 
program (jUdalski et al.lll999al ) and several other sources (jSTROJ) . A linear fit over the entire 
period interval with slope —2.702 in V is not th e optimum fit. A significantly better fit is 
achieved by two linear li nes breaking at P = lO'^ (ITammann fc Reindlll2002l : iTammann et al. 



2002 



IIM 



2007 



Ngeow et al.ll2005l) . The break, also clearly seen in the P-C relations for (B—V) and (V- 



R04. Fig, la. lb ), withstands several statistical tests ( iNgeow et al.ll2005l : iKanbur et al. 



Koen et al.ll2007l ). The break becomes particularly striking if the Cepheids are reduced 



to the P-L ridge line by shifting them along constant period lines. The shift is determined 
by the difference between the observed color (^ — /)obs '^^ ^ Cepheid with fixed period and 
the color (^ — /)pc required by the appropriate P-C relation for this period, i.e. 



My (Ridge) 



M^-f3v,v-i[{V-lt, 



obs 



(3) 



The coefficient /Syy-i is the slope of the cons t ant-p er io d lines in the CMD for My versus 
(V-I). For LMC it was found f3v,v-i = 2.43 jSTRoi eq. [29]). The resulting P-L relation 
with its clear break is shown in Figure [3l 



The pulsational models for Z = 0.004, Y = 0.25 of iMarconi et al.l (l2005l ) fit the observed 
P-L relation of LMC well, including the break at lO'^. The theoretical break is even more 
pronounced than observed. 



3.1.3. The shape of the SMC P-L relation 



Linear regressions to 459 SMC Cepheids of lUdalski et al.l (jl999bl ) in the range 0.4 < 
logP < 1.7 give 



-(2.222 ± 0.054) logP - (1.182 ± 0.041), 
-(2.588 ± 0.045) logP - (1.400 ± 0.035), and 
-(2.862 ± 0.035) logP - (1.847 ± 0.027). 



(4) 
(5) 
(6) 



The constant terms in equations (jl])-© are based on the distance of /igMc — 18.93 from 
Table [7| below. The determination of the exact shape of the SMC P-L relations, however, 
is subtle. It is known that they turn downw ards for the many SMC Cepheids with very 
short periods (logP < 0.4; iBauer et al.lll999l ). It is difficult to decide whether this should 
be interpreted as a break at logP ~ 0.4 or as curvature of the P-L relations. The P-C 
relations in [B — V) and {V — I) clearly suggest an additional break at logP = 1.0 like in 



- 18 - 



LMC. Th e ridge line P-L relation in V, constructed with Pvy-i = 2.82 appropriate for SMC 
(ISTR 04 . Table 4), also suggests the break at logP = 1.0 (at only a 2a level), but - contrary 
to LMC - with the slope increasing above the break point (Fig. The single-slope SMC 
P-L relations of equations (ll])-([n]), however, were deemed to be adequate for the following 
application to very metal-poor Cepheids (see § 13.31 below). 



3.1.4- The interplay of the P-L and P-C relations 



The ongoing discussion on the slope of the Galactic P-L relation could still nourish the 
hope that the P-L relations of classical Cepheids were universal. This hope is unfounded 
in view of the period-co/or (P-C) relations. Because if the B,V,I P-L relations are to be 
invariable, so must be the P-C relations in (B-V) and (V-I), which are simply the differences 
of the corresponding P-L relations. 

Yet the metal-poor LMC and even more metal-poor SMC Cepheids are on average 
significantly bluer in [B—V)^ than the Galactic Cepheids by 0.07 and 0.14 mag, respectively. 
The corresponding number for (V—I)^ is 0.05 mag for both galaxies. Thus the zero points of 
the B,V,I P-L relations must differ by at least this amount, but the shift could be larger by 
any additional constant amount. The color behavior of the Cepheids in a two-color diagram 
(B—V)^ versus (V^—/ )° can be explained - neglecting their periods - by atmo spheric models 
(ISandage et al.lll999l ) as the blanketing effect of the metal lines (see ITSR 03l . Fig. 7a). 



But in addition the same models show LMC Cepheids to be hotte r than Galactic 
Cepheids at given period by roughly 200 K (see also iLaney fc Stobid 119861 ) and to be also 
hotter at constant luminosity (jSTR 04l . Fig. 20). This is, as has been shown, an even stronger 
luminosity effect than the line blanketing. 

If the size of the blanketing effect and of the temperature difference were independent 
of period, the slopes of the P-L relations could still be the same everywhere, and only their 
zero points were shifted. However, it is clear that the blanketing effect depends on color and 
hence on period. Moreover it was shown in |STR04| that also the temperature difference at 
constant luminosity increases with period. These effects must reflect on the slopes of the 
P-C relations. In Table |4] the observed slopes of the P-C relations in (B — V)'^ and (V — I)^ 
of the Galaxy, LMC, and SMC are compiled. To avoid further complications with the break 
at lOd of at least the LMC relations, the slopes in the interval 0.4 < logP < 1.0 are only 
considered. The slope differences in Table H] between the three galaxies are highly significant 
at the 2-5(7 level. 



The conclusion is that since the P-C relations have different slopes in galaxies with 
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different metallicity, the slopes of the B,V,I P-L relations must also vary. It is therefore not 
anymore the question whether the P-L relations are universal, but only by how much they 
vary. 

A word of warning may here be in place. There are indications that the P-L relations 
in the near infrared (JHK) have closely the same slope independent of metallicity. If this 
is the case, this still does not mean, as discussed above, that they have the same zero point. 
It will therefore be necessary to independently zero point the near infrared P-L relations for 
Cepheids with different chemical composition. 



3.1.5. The slope of the P-L relation in function of metallicity 



The metallicities (from lSakai et al.ll2004l ) and slopes of the B, V, and / P-L relations of 
nine galaxies are compiled in Table O Only galaxies with well or reasonably well determined 
slopes are considered. The original sources of the Cepheid data are listed in the last column. 

The Cepheids in Sextans A and B are combined to a single P-L relation because they 
have nearly the same (very l ow) metallicity and almost identical TRGB distances (yU° = 
25.78, 25.79; iRizzi et al.l 120071 ). 



The decrease of the P-L slope with decreasing metallicity in Figure H] is striking. The 
extreme case of Sextans A and B deserves special emphasis. Confirmatory work would be 
interesting, although the two small galaxies may not have many more Cepheids than already 
known (17 over a wide period interval). It is likely that some of the scatter in Figure H] is 
intrinsic. The available data for several metal-rich galaxies admittedly suggest that their 
P-L relations are flatter than in the Galaxy (see § I3.4.4p . But Figure H] leaves no doubt that 
the P-L slope is correlated with [0/H]. Hence, the P-L relation cannot be universal but must 
vary from galaxy-to-galaxy, primarily as a function of [O /H] . 



3.2. The zero-point calibration of the P-L relation of Cepheids 

3.2.1. The zero point of the Galactic P-L relation 
The zero point of the Gala ctic P-L relation for an adopted metallic ity of [0/H]tp = 8.62 



rest s on 33 cluster dist ances (ISTR 04 ) and 36 BBW distances from iFouque et al.l (120031 ) 
and iBarnes et al.l (l2003l). The two calibrations agree to 0.07 mag in V at a i i inter mediate 
period of P = 10 days (|STR04| ). New distances of seven clusters by lAn et al.l (120071 ) suggest 
smaller distances by ~ 0.1, which brings the two systems to even better agreement. The 
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BBW distances have been revised twice since 2003 (iGieren et al.ll2005bl : iFouque et al.ll2007l ). 
but the effect on the zero point at P = 10 days is neghgible. T he adopted zero point is 
My = —4.00. The indepen dent zero point frona HST parallaxes by [Benedict et al.l (120071 ) is 
brighter by 0.05, the one of Ivan Leeuwen et al.l (120071 ) by only 0.01. 



3.2.2. The zero point of the P-L relation of LMC 



The zero poin t of the LMC P-L relations , which holds for a metallicity of [O/Hjxe = 8.34 
(jSakai et al.ll2004l ). is given by an adopted distance of LMC. Th irteen determinations from 
1997 to 2002 gave a mean modulus of fi^ = 18.54 it 0.02 (jSTROJ). Sixteen newer determina- 
tions are compiled in Table [61 The listed errors of the individual distance determinations are 
from the literature, but since they are incommensurable, a straight mean of 18.53 ±0.01 has 
been derived. The value of 18.54 is maintained here. Note that none of the listed distances 
involves any assumption on the P-L relation, which would make the calibration circular. 



If the model P-L relation in V hi Z = 0.004, Y = 0.25 of iMarconi et al.l (120051 ) are taken 
at face value and if they are combined with the observed Cepheids in LMC one obtains a 
distance modulus of /Ilmc ~ 18.51 ± 0.01. The result is lower in B and higher in /, because 
the model colors are still redder than observed. The distance becomes smaller by ~0.1 mag 
if the more realistic model with Z = 0.008, Y = 0.25 are used for LMC. 

An LMC Cepheid at P = 10 days is brighter than its Galactic counterpart by 0.25 mag. 
The assumption is devious that this could be remedied by decreasing the distance of LMC 
because the zero-point difference is wavelength-dependent (0.35 in B, 0.15 in /). The erro- 
neous assumption of equal zero points has notoriously led to too small an LMC distance if 
based on Cepheids. 



3.2.3. The zero point of the P-L relation of SMC 

The constant terms in equations (!lD-([6]) are calibrated with an adopted SMC modulus 
of 18.93 (Table [7]) as mentioned before. 

In §111 the Cepheid distances shall be compared with the Pop. II distance indicators. The 
calibration of the Cepheids should therefore be as free of Pop. II data as possible. In spite of 
this, an RR Lyr star and a TRGB distance are included for the zero-point calibration of each 
of the P-L relations of LMC and SMC (see Tables [HI & Ej) • However, their omission would 
change the calibration by only 0.02 mag. In case of LMC such a change is negligible because 
the LMC P-L relation is always used in combination with the independently calibrated 
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Galactic P-L relation. The SMC P-L relation is used for only three galaxies, which follow 
below. 



3.2.4- Metallicity corrections 



There is a large literature on metallicity corrections to Cepheid distances (i.e. due to 
differences in the Cepheid P-L relation for different Y and Z val ues) , and we do not review 
that literature here. A fine revie w is by iRomaniello et al.l (120051 ). For the present paper we 



use the formulations by ISTT 06 



Cepheid distances derived from V and I magnitudes and the corresponding P-L relations 
of the Galaxy differ from those using the P-L relations of LMC. Up to periods of P ^ lOd 
th e LMC r elations yield larger, above this period limit smaller distances. This was ascribed 
in ISTTOg to the metallicity difference of the Cepheids in the Galaxy ([O/Hjxe = 8.60) 
and in LMC ([O/Hjxe = 8.34). Correspondingly Cepheids with Galactic metallicity are 
reduced with the P-L relations of the Galaxy, and those with the LMC metallicity with the 
LMC relations. For the distances of Cepheids with intermediate and slightly extrapolated 
metallicities an interpolation formula was derived in ISTT 06l (eq. 10). 



The interpolation formula is given here in tabular form for every increment of A[0/H]Te = 
+0.1 from [0/H]= 8.34 (Table[8]). The entries give the distance modulus change A/x in func- 
tion of period which must be apphed to a distance derived from V, I photometry and based 
on the LMC P-L relations. The Table can be read with opposite sign if distances from the 
Galactic P-L relations are to be corrected to lower metallicities. 

For a few galaxies outside the rang e 8.2 < [0/H],p^ < 8.7, the limiting values of 8.2 and 



8.7, respectively, have been adopted by ISTT 06 



It may seem paradoxical that metal-rich Cepheids with logP > 1.0 (actually logP > 
0.933) yield larger distances than LMC Cepheids although the latter are brighter in V up 
to logP = 1.38. The reason is that the V and I magnitudes are used not only to derive 
a true distance but also the reddening. The metal-poor Cepheids being blue yield large 
reddenings leading to large absorption corrections and hence to small distances. The effect 
of metallicity changes on the distance of Cepheids is therefore a combination of their effect 
on the luminosities and on the inferred absorption corrections. 



-22- 



3.3. A Summary of Available Cepheid Distances 



Metallicity-corrected Cepheid distances of 37 galaxies have been derived in ISTT 06l from 
the Galactic and LMC P-L relations as given in ISTR 04 . Six additional Cepheid distances 
have since become available. 



NGC55. iPietrzynski et al.l (j2006al ) have observed 143 Cep heids in V and / in NG C 55 with 
a metalhcity of [0/H]Te = 8.35, i.e. close to LMC. Using ludalski's et al.l Jl999ch LMC P- 
L relation they have obtained a modulus of /i° = 26. 45 =fc 0.0 5 if /^lmc 18.54. From 
the best 110 Cepheids and the LMC P-L relation of ISTR 04j we obtain = 26.42 using 
{E(y~I)) = 0.12 and a small metallicity correction of 0.01 mag. If one applies the Galactic P- 
L relation instead, which stands for a metallicity of [0/H]Te = 8.60, o ne finds u ^fGal) = 26.56 
and a metallicity correction of —0.16 mag from equation (10) in ISTT 06l . resulting in a 
corrected modulus of = 26.40. We adopt 26.41 ± 0.05 for NGC 55. 



M31 (NGC 224). IVilardell et al.l fl2007h have observed hundreds of badly needed Cepheids 
in this galaxy, 281 of which the authors identify as fundamental pulsators. Unfortunately 
the B, V photometry o f these variables with the 2.5m Isaac Newton Telescope is affected by 
blends. IVilardell et al.l have found that Cepheids with large amplitudes, i.e. Ay > 0.8 mag, 
are least blemished by blends and they have kindly provided to us the subset of the 64 such 
fundamental pulsators with 0.4 < logP < 1.6. Their mean metalli city is [0/H]tp = 8.66 



from their galactocentric distances and the metallicity gradients of IZaritsky et al.l (Il994j ). 
Since this is only slightly more than the adopted value of Galactic values (8.6), it is assumed 
that the M31 Cepheids follow the Galactic P-C relation. With this assumption individual 
reddenings E{B — V) were determined, which turn out to increase with period, the mean 
value being {E{B—V)) = 0.21. The ensuing absorption-corrected P-L relations are virtually 
as steep (—2.916 ±0.144 in V) as in the Galaxy. Comparing these relations with the adopted 
Galactic P-L relations yields in B and V fi^ = 24.32 ± 0.06. Had we compared with LMC at 
/i° = 18.54 the modulus would become 24.18, wh ich is st ill to be increased by 0.11 mag for 



the metallicity difference to give /i° = 24.29 (see ISTT 06l . eq. [10]). However, the distances 
are still to be corrected for the amplitude restriction. The largest amplitudes occur in general 
on the blue side of the ins tability strip (|STR04|. F ig. 11). In the Galaxy the 123 Cepheids 
with Av > 0.8 mag from iBerdnikov et al.l (120001 ) are bluer in {B — V) than the total of 
321 Cepheids by 0.02 mag. If the same value holds for M31, the above reddenings were 
underestimated by the same amount and the absorption by 0.06 mag. The distance becomes 
then 24.26. On the other hand blue Cepheids are intrinsically brighter than average because 
of the slope /? of the constant-period lines. Yet, since P is quite flat {Pv,b~v = 0.6, ISTR 04j ) 
in the Galaxy and presumably in M31 this effect increases the distance by only 0.01, which 
becomes then /i° = 24.27 for M31. - The Cepheid distance of M31 is signiflcantly smaller 
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than from RRLyr stars (24.53) and the TRGB (24.47). This may be due to remaining 
blend effects or to an overestimate of the reddening, if the metal-rich M31 Cepheids are 
intrinsically redder than Galactic Cepheids. 



NGC4258. iMacri et al.l (120061 ) have observed Cepheids in B, V, and / in an outer field 
of NGC4258. They h ave the same metallic ity as LMC ([O/Hjxe = 8.36) according to the 
metalhcity gradient of IZaritsky et al.l (119941 ) . The 3 6 best Cepheids in the field yield /i° = 
29.50 ± 0.03 using the LMC P-L relation of lSTR04l and {E{B-V)) = 0.042. The Galactic 
P-L relation yields, after a proper metallicity correction, the same value. The P-L relation 
in B shows possibly a break at P = 10*^, but even if real this has no effect on the distance 
determination. For the Cepheids in the inner, metal-rich field of NGC 4258 see § I3.4.4[ 

NGC5128 (CenA). F orty-five heavily absorbed Cepheids with V and / magnitudes from 
Ferrarese et aP J2007h in the highly peculiar Galaxy NGC 5128 yield {E(y - I)) = 0.50, 



/iO = 27.62 ± 0.04 and {E(y -/)) = 0.42, 27.71 ± 0.04, respectively, using the P-L relations 
of LMC and the Galaxy. Since the m etallicity of the Cephe ids is unknown, a mean of 



/i° = 27.67 ± 0.04 is adopted. Following iFerrarese et al.l (120071 ) a n absorption- t o-red dening 



factor of Ry = 2.4 has been used as measured for NGC 5128 by iHough et al.l (119871 ). Had 
we assumed the standard absorption factor of Ry = 3.23 the mean distance would become 



Ij,^ = 27.54 whi ch is hardly comp atible with the TRGB distance 27.82 (IKarachentsev et al. 



2004h or 27.72 (IRizzi et all 120071 ). 



Two more galaxies with known Cepheids have quite lo w metallicities, i.e . NGC 3109 
and IC1613 with [O/Hjxe = 8.06 and 7.86, respectively, from ISakai et al.l (120041 ). which are 
cl ose to SM C ([0/H]tc = 7.98). In order not to over-extrapolate the metallicity corrections 
of ISTT06l . the two galaxies are tied to the P-L relation of SMC without further metallicity 
corrections. 



NGC 3109. One-hundred-and-two Cepheids from iPietrzynski et al.l (l2006bl ) define, after 2a 
clipping, P-L relations with a slope that is even flatter than observed in SMC (Table [5]), 
but with the large scatter of a = 0.39. They indicate, if compared with SMC, an internal 
reddening of EiV — I) = —0.01 ± 0.01, which we take as zero, and a distance modulus of 
= 25.41 ± 0.04. If the sample is cut at logP = .75 to guard a gainst the shortest-period 



Cepheids being possibly overluminous in the mean (ISandagelll988l ) yields = 25.45 ± 0.04, 
which we adopt. The small reddening may suggest that the Cepheids are even bluer than 
those of SMC. If the restricted sample o f Cepheids had been re duced with the P-L relation 
of LMC one would have obtained 25.57. ISoszynski et al.l (120061 ) have derived /i° = 25.61 (if 



A*LMC ~ 18.54) from additional magnitudes in J and K and by co r nparing with LMC. Earlier 



work on the Cepheids in NGC 3109 is cited by IPietrzynski et al.l ( l2006bl ) 
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IC 1613. Forty-two Cepheids from lAntonello et al.l (120061 ) fill exceedingly well the strip in 
the two-color diagram (B—V) vs. (V—I) defined by SMC Cepheids. Six additional Cepheids 
lie clearly outside that strip and are omitted. The 42 Cepheids are bluer on average by 
only —0.01 ± 0.01 mag than SMC Cepheids, which we interprete as zero reddening. They 
define P-L relations in B, V, and I with no indication of a break and with slopes that are 
the same within the errors as the overall slopes in SMC. A comparison of the two sets of 
Ceph eids yields a dis tance modulus of /i° = 24.32 ± 0.02, somewhat less than 24.50 ± 0.12 
from lAntonello et al.l who compared with LMC. 



WLM may tentatively be co mpared with the P- L relation of SMC, althou gh it is very metal- 



deficient ([0/H]Te = 7.74, ISakai et al.ll2004J l IPietrzvnski et all (120071 ) have observed 60 
Cepheids, of which three can be excluded as bright outlyers and one for lack of complete 
data. The remaining 56 Cepheids are quite blue and give, if compared with SMC, E{V—I) = 
—0.03 ±05, which we take as zero. They define P-L relations {a = 0.38 mag) which are even 
flatter (b y la) than in SMC and signiflcantly flatter than th e single-fit P-L relations of LMC 
(ISTR 04j . eqs. [8&9]). No bias towards bright Cepheids (ISandagd Il988l ) is seen at short 
periods. Tied to the V and / P-L relations of SMC the Ceph eids give = 2 4.80 and 



fi^ = 24.83, respectively. These values are noticeably smaller than lPietrzynski's et al.l (120071 ) 



value of 25.18 (if LMC at 18.54), but the adopted value of /x" = 24.82 here compares well with 
the TRGB dis tance of the galaxy (24.90, Table ED, the fl t of the entire CMP (24.88 ± 0.09; 
Dolphinl[200o[ ). and the position of the HB (24.95 ± 0.15; iRejkuba et Ziboooh . 



3.4. Are the Metallicity Corrections to Cepheid Distances Reliable? 

Any systematic errors of the adopted metallicity corrections must show by comparing 
the Cepheid distances with independent distance indicators. The test is independent of 
zero-point differences because we seek only the slope of the function A/jP = /([0/H]). 



3.4- 1- Comparison of Cepheid distances with TRCB distances 

Cepheid distances as well as TRGB distances are available for 18 galaxies. The low- 
and high-met allicity Cepheids in the outer and inner fleld of NGC 5457 are counted twice 
(Table [9]). In case of NGC 4258 only the Cepheids in the outer fleld are plotted for reasons 
given in § 13. 3[ The differences of the respective distances are plotted against the metallicity 
[0/H]Te of the Cepheids in Figure O The absence of any signiflcant metallicity dependence 
on [O/Hjxe is striking. 
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3.4-2. Comparison with SNela magnitudes 



Metallicity-corrected Cepheid distances of 10 galaxies were used in ISTS 061 to calibrate 
the maximum absolute magnitude of their SNela. Any remaining errors of the metallicity 
correction will show as an incorrect dependence of the SNIa luminosities on the Cepheid 
metallicity [0/H]tc- The test is performed in FigureEi The formal dependence is statistically 
insignificant. 



3.4-3. Comparison of Cepheid distances with velocity distances 



The difference between the Cepheid distances and velocity distances of their parent 
galaxies are not supposed to be a function of the Cepheid metallicity [O/Hjxe- The test is 
difficult because the galaxies with Cepheid distances are nearby and have small recession 
velocities which are substantially influenced by peculiar velocities. Galaxies with < 28.2 
are therefore omitted, as are cluster galaxies and galaxies within 25° from the Virgo clu ster 
center. The distance differences of the remaining 17 galaxies from Table 8 in ISTT 06l and 
from § 13.31 are plotted against [O/Hjxe in Figure [71 As in § 13.4.11 the outer- and inner-field 
Cepheids of NGC5457 are plotted separately and only those of the outer field of NGC4258 
are considered. A least-squares-fit to the data results in some dependence on [0/H]to (dashed 
line), but the statistical error is even larger. 

If the evidence of Figures |3HZI is combined, the remaining metal- dependent error of the 
Cepheid distances amounts to only A/x = (0.05±0.10) A[0/H]Te- Since A[0/H] is in order of 
unity the relative distance error between the most metal-poor and most metal-rich galaxies 
may in fact be zero, and, in any case is likely to be < 0.1 mag. This speaks in favor of the 
present metallicity corrections. 

// all Cepheid distances entering Figures [3H7| had been based on the P-L relation of 
LMC and if no metallicity corrections had been applied, one would have found Afi = (0.53 ± 
0.17) A[0/H]Te- This der nonstrates the ne c essity of m etallicity correction s. (It may be noted 
that the [O/Hjxe scale of iKennicutt et al.l (120031 ) and ISakai et al.l (120041 ) is compressed by a 
factor of ~1.5 as compared to the old [O/H] scale which has been widely used in the present 
context. Therefore the above relation translates into A/x ~ 0.35A[O/H]oid)- 
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3.4-4- Comparison with the Cepheids in the inner field of NGC 4258 



From the Avater masers moving on Keplerian orbits about the center of NGC 4258 
Herrnstein et all Jl999l . boosh have derived a modulus of 29.29 ± 0.08 ± 0.07. Both the 
Cepheid distance (29.50; see § 13.31) and TRGB distance (29.44; see § 13. 3p are larger, but a 



mean of = 29.38 agrees within < 0.12 mag with al 
also been observed in an inner field o f NGC 4258 by 



three determinati ons. Cepheids have 



Macri et al.l (120061 ). Their position in 



the galaxy with its chemical gradient (IZaritsky et al.lll994l ) suggest that these Cepheids are 
as metal-rich as Galactic Cepheids on average. The Cepheids are therefore expected to share 
the P-L relation of the Galaxy, not the LMC. The 81 Cepheids, complying with the typical 
position in the {B—V) vs. {V—I) diagram of classical Cepheids, cover a wide period interval 
of 0.6 < logP < 1.7. Their absorption-corrected P-L relation can be derived by adopting the 
above distance of NGC 4258 using an appropriate P-C relation. iMacri et al.l have adopted 
the blue P-C relation of LMC which, however, is incorrect for the metal-rich and necessarily 
redder Cepheids. If one assumes that these Cepheids follow the same P-C relation as in the 
Galaxy, one obtains color excesses E{B — V) which are nearly independent of period. This 
lends support to the assumption that the P-C relations of the inner field and of the Galaxy 
have the same slope. The resulting P-L relations in S, V , and I are very flat, in fact in 
spite of the high metallicity as fiat as in LMC (not considering the break at P = lO'^) and 
as flat as in the outer field. The observation that the inner-field Cepheids agree with the 
LMC Cepheids to within 0.1 mag at all periods depends on the additional assumption that 
the P-C relations of the inner field and of the Galaxy do not have only the same slope, but 
also the same zero point. 

This is not to suggest that the above combination of a Galactic P-C relation (for high- 
metallicity Cepheids) and an LMC P-L relation (for low-met allicity Cepheids) could give a 
consistent solution. Rather it is likely that the fiat slope of the metal-rich Cepheids in the 
inner field of NGC 4258, in contrast to Figure HJ is caused by a second parameter other than 
[0/H], possibly by Y as mentioned before. 

It is fortunate that the P-L relation of the inner field, as derived here, crosses the 
Galactic P-L relation at logP ~ 1.5, which happens to be the median period of the known 
Cepheids in most galaxies outside the Local Group. It makes therefore little difference for 
the derived distances which of the two P-L relations applies to a given set of high-metallicity 
Cepheids. 
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COMPARISON OF THE ZERO POINTS OF THE POP. I AND POP. II 

DISTANCES 



The Cepheid distances of 18 galaxies introduced in § 13.31 can be compared with their 
corresponding TRGB distances (Table [9]). The comparison is equivalent to a comparison of 
Cepheid with RRLyr star distances because the TRGB distances are so tightly linked with 
the RR Lyr stars through Table [2l On average the Cepheid distances are smaller than the 
TRGB distances by only 0.04 ± 0.03. If instead the 13 galaxies are compared, for which 
metal- corrected TRGB distances are given in the literature, the difference /^ceph ~ /^trgb 
becomes —0.02 ±0.03. This agreement of the Pop. I and Pop. II distances of nearby galaxies 
is as good as can possibly be expected. 



Rizzi et al.l (120071 ) have compared the TRGB distances of 1 5 galaxies with their Cepheid 
distances, but the latter are derived from the old P-L relation of iMadore fc FreedmanI (jl99ll ) 
without corrections for metallicity. iRizzi et al.l find (/Xceph ~ A^trgb) ~ O-O^ ^ 0.03. The 
good agreement is no surprise because it was stated already in ^ [J t hat several old Cepheid 
distance scales, prior to the one adopted by iFreedman et al.l (120011 ) . agree on average well 
with those adopted here. 



Only 10 galaxies used for the comparison by iRizzi et al.l (120071 ) are also contained in 
Table O LMC and SMC are omitted, because they are used here to calibrate the P-L relation 
of their specific metall icity. We d o not have a reliable template P-L relation for the most 
metal-poor galaxies of iRizzi et al.l (Sextans A/B). 



5. THE LOCAL AND NOT SO LOCAL HUBBLE DIAGRAMS 

The TRGB and Cepheid distances as well as the Cepheid-calibrated 21cm line width 
(TF) and SNIa distances can be used to construct distance-calibrated Hubble diagrams 
which reach progressively deeper into the cosmic expansion field. 

The various distances are transformed to the barycenter of the Local Group which is 
assumed to lie at the distance of 0.53 Mpc in the direction of M31, i.e. at two thirds of 
the way to this galaxy, because the galaxies outside the Local Group expand presumably 
away from the barycenter and not away from the observer. The barycentric distances are 
designated with and respectively. 

The helioc e ntric velocities are corrected to the barycenter of the Local Group follow- 



ing lYahil et al.l (119771 ) and for a self-consistent Virgocentric infall model assuming a local 



infall vector of 220 km s ^ and a density profile of the Virgo complex of r ^ ( Yahil et al.lll980 
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Dressier 1984 : Kraan-Korteweglll986 : de Freitas Pacheco 1986 : GiraudlE-990 : Jerjen fc Tammann 
19931 ). The choice of these particular corrections among others proposed in th e litera ture 



STSod l 



is justified because they give the smallest scatter in the Hubble diagrams (see 
The velocities are not corrected for the projection angle between the observer and the Local 
Group barycenter as seen from the galaxy because it affects the velocities by less than 2% 
for all galaxies beyond 3 Mpc. 



5.1. The Hubble Diagram from TRGB 

The galaxies outside the Local Group, for which TRGB distances are available (§ l2.2.4p . 
are plotted in a Hubble diagram (Fig. [9^). The nearest galaxies reflect clearly the effect of 
the gravitational pull of the Local Group, suggesting that the zero-velocity surface lies at 
a distance of ^ 1.6 Mpc from the barycenter of the Local Group. The 59 galaxies with 
^o^^g > 28.2 (4.4 Mpc) deflne a value of Hq = 61.7 ± 1.5km s"^ Mpc"\ This is a very 
local value extending to only /i° = 30.4 (12 Mpc). The scatter about the Hubble line of 
(Tm = 0.39 mag cannot be caused by distan ce errors , but is explained by (one-dimensional) 



peculiar motions of ~90kms ^ on average ( STS 06l ) 



5.2. The Hubble Diagram from Cepheids 

There are 34 galaxies in ISTS 06l outside the Local Group whose Cepheid distances have 
been derived following the precepts given in §§ 13.11 and 13. 2[ Three additional Cepheid 
distances are given in § 13.31 The velocities of the total of 37 galaxies are plotted against 
t>22o in Figure [9)d. The 30 galaxies with /iceph > 28.2, and excluding the deviating case of 
NGC3627, define a Hubble line with Hq = 63.1 ± 1.8 out to ^i^,^^^ ~ 32.0 (25 Mpc). As in 
the case of the TRGB distances the scatter of = 0.33 must be caused mainly by peculiar 
velocities in the order of 150kms~^ at a median velocity of about 1000 km s~^ (assuming a 
random error of the Cepheid distances of 0.15 mag). 

The agreement of the local value of Hq from TRGB magnitudes and from Cepheids 
to within 2% suggests that the zero-point errors of the two independent methods do not 
accumulate to more than 0.04 mag. 
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5.3. The Hubble Diagram from TF 



A complete sample of 104 incl ined spi ral galaxies with ^220 < 1000 km s ^ with known 



21cm line widths was discussed in ISTS 06l . This small distance limit was chosen to define 
as complete a distance-limited sample as possible. The zero point of the TF distance s was 
calibrated with 31 galaxies for which also Cepheid distances are availa ble from ISTT 06l . The 
Hubble diagram of the sample galaxies is repeated in Figure [9t from ISTS 06l . but added is 
the mean TF distance of = 31.61 of a complete sample of 49 Virgo cluster spirals plotted 
at the mean cluster velocity of (^220) = 1152 km s~^. Also added is the UMa cluster with 



00 



31.45 and (t'22o) = 1270 km s~ . The TF distance of UMa is taken from lTuUy fc Pierce 
(120001 ) who obtained = 31.35 ± 0.06 from 38 cluster members with B,R,I, and K' 
photome try. After recalibrating their 24 calibrators with the present Cepheid distances 



(ISTT 06l ) one obtains = /i = 31.45. The value is adopted here, although the UMa 



sample may not be strictly complete as to the faintest cluster spirals. 

The TF distances in FigurelHt give a Hubble constant of Hq = 59. Oil. 9 out to ~ 16 Mpc. 
This agrees well with Hq from TRGB distances (Fig.[9K), but it is 1.6a less than determined in 
Figure [9]d from Cepheids. This difference, however, cannot be real because the TF distances 
depend entirely on the calibration through Cepheids. Rather it reflects on the reliability of 
the TF method. In any case the scatter in Figure [Ht is very large (0.69 mag). This cannot 
be attributed to peculiar motions which contribute only ~ 0.3 mag in Figures [Hti' & b. 
Even if some of the scatter is caused by observational errors of the input parameters, the 
intrinsic dispersion is large. This makes the TF method vulnerable to Malmquist bias if 
magnitude-limited samples are used instead of complete dis t ance- limited samples. This is 
the reason why the more distant clusters of iTuUy fc Fierce! (I2OOOI ). which are expected to 
suffer at least some magnitude bias, are not considered here. 



Masters et al.l (120061 ) have measured /-band TF distances for an average of 25 galaxies 
in 31 clusters between 1100 < vqmb ^ 10, 000 km s~^ The clusters deflne an impressively 
tight Hu bble diagram with a scatter of a^n ~ 0.15 mag, comparable only to distant SNela 



(IRTS 05l ) . However the diagram has no zero-point calibration and does not per se deflne a 
value of Hq. The authors propose to calibrate their TF relation by local galaxies with Cepheid 
distances. Yet, however fair their selection criteria may be for the galaxies in the different 
clusters, the same criteria cannot be applied to a distance-limited, yet highly incomplete 
sample of fleld galaxies with Cepheid distances. This would be decisive in view of the large 
intrinsic scatter of the TF relation. Therefore any value of Hq derived from the two sets of 
differently selected galaxies remains unreliable. A safer way would be to calibrate the Hubble 
diagram with the nearest two clusters of their sample with independently known distances, 
i.e. the Fornax and UMa clusters. However, as seen in Figure [H] their relative distances do 
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not put the nearest clusters with ^220 < 2000 km s~^ on the same Hubble line as the more 
distant clusters. The latter are shifted by A log?; = 0.08 or A/x = 0.40, as compared to the 
nearest clusters. The corresponding increase of ffn by ~ 20% at ~ 2000 km s"^ is denied by 
the Hubble diagram of SNela (see e.g. Fig. 01; IRTS OSI . Fig. 15). The break of the Hubble 
line suggests that the selection criteria for the individual galaxies in the near and distant 
clusters resulted in two incompatible cluster samples. The unrealistic break of the Hubble 
line is not caused by corrections of the velocities for the CMB motion. It persists whether 
the nearest clusters are corrected for CMB motion or not. In Figure [H] the nearest clusters are 
not corrected for this m otion becau se the co-moving volume extends to at least 3000 km s~^ 
dFederspiel eraDll994j . Figs. 17-19: bale fc Giovanellilboooh . 



5.4. The Hubble Diagram from SNIa Distances 

Figure [Hli shows the Hubble diagram of local SNe la with 1-220 < 20 00kms~ \ The SNe la 
are drawn from the homogeneously reduced list of SN la mag nitudes (IrTS Osh. Their mean 



Cepheid-calibrated absolute magnitude is adopted as My-(max) = —19.46 (ISTS 06l ). Of the 
22 SNela, one has < 28.2 and SN1989B in NGC3627 is an outlyer. Three SNela each 
in the Virgo and Fornax cluster are plotted at their mean cluster velocity. The 20 adopted 
SNela give Hq = 60.2 ± 2.7 with a scatter of a^n = 0.43. Both values are statistical the 
same as those derived from Cepheids in Figure [Hb. The statistical agreement in Hq must 
be expected because the zero point of the SNe la depends entirely on the Cepheids, but the 
SNela extend the Hubble diagram to 30 Mpc and beyond (see below). The similar scatter of 
the SNe la and Cepheids in their respective Hubble diagrams suggests that they are equally 
good distance indicators. 

The weighted mean of Ho from TRGB distances, Cepheids, TF distances, and SNe la is 
61.3 ± 1.0. There is no hint that the mean value of Hq varies significantly from about 4 to 
30 Mpc. Clear deviations from a steady Hubble flow are detected only from the pull of the 
Local Group and from the V irgocentric flow. Ot her deviations near local mass concentrations 



are expected to exist (e.g. iKlypin et al.l l2003l . their Figs. 5-7), but the present method 



considering relatively few galaxies is not suitable to detect them. The distance independence 
of the mean value of Hq, however, is the more significant as the distant SNe la with 3000 < 
^CMB < 20, OOOkms"^ yield the same value of Hq = 62.3. In spite of all mass clusterings the 
overall value of Hq does not depend on distance. 
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6. CONCLUSIONS AND OUTLOOK 

The local agreement of the Pop. I and Pop. II distance scales is encouraging. Pop. I 
Cepheids as well as SNela and the TF relation, both calibrated through Cepheids, on the 
one hand and Pop. II RRLyr stars and the magnitude of the TRGB, based on these stars, 
on the other, yield highly consistent distances for many individual galaxies. Moreover they 
all agree with a local value of the Hubble constant of Hq = 62.3. Finally the SNela carry 
the distance scale into the cosmic expansion field out to ~20,000kms~^ and prove that Hq 
is virtually unchanged in the free field. 

The Pop. II distance scale alone leads through RRLyr stars and the TRGB to a mini- 
mum distance of the Virgo cluster of f/* > 31.3. If one wants to drive the Pop. II distances to 
cosmic scales, one may note that the four SNela discussed in § 12.2.51 give a preliminary mean 
TRGB-calibrated luminosity of My = -19. 37 ± 0.06. Yet the value of My = -19.46 ± 0.04 



from 10 Cepheid-calibrated SNela (ISTS 06l ) has still much higher weight. Nevertheless the 
agreement is encouraging at this stage. Other TRGB-calibrated SNe la will become available 
in the future. 

Even if the agreement of Hq from independent distances of Population I and II objects 
is accidental, it is now unlikely that the systematic error of i^o is as large as 10%. If the 
systematic error is in fact as high as 0.2 mag, or 10% in distance, this translates to ±5 units 
in Ho, as stated in the Abstract. 

If the value of Hq = 62 is taken at face value and combined with WMAP data of the 
CMB fluctuation spe ctrum it poses const raints on the equation of state w = p/p of the dark 



energy. According to lSpergel et all (120071 ) the WMAP3 data give fi^/i^ ^ 0.128±0.008, {h = 



i^o/lOO), from which follows then a rather high matter density parameter of Q m = 0.33. This 



value disfavors a Universe with w = —1 at the 2a level (see Figs. 15 and 16 of ISpergel et al. 



20071 ) and suggests a quintessence model with w > —1. The high matter density is not 
favored, however, by the large-scale distribution of the luminous red galaxies in the Sloan 
Digital Sky Survey if it is combined with the WMAP3 data. In th at case a closed Universe 



with fitotai ~ 1-02 is compatible with Hq = 62 flTegmark et al.ll2006l . Fig. 13). This illustrates 



that a reliable value of Hq imposes stringent constraints on any cosmological models. 
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Table 1. RR Lyr star distances of 24 galaxies (in order of RA). 



Name 


A^RR 
' rtrt, 


fFe/Hl 


(V) 


E(B-V) 




V 





M 


V 

San 




r^ncw 




Tel. 


Ref 




(2) 


f3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


fll) 


(12) 


(13) 


NGC 147 


36 


-1.37 


25.29 


0.173 


0.54 


24 


75 





55 





77 


24 


20 


23.92 


200" 


1 


And III 


39 


-1.88 


25.01 


0.057 


0.18 


24 


83 





47 





50 


24 


36 


24.33 


HST 


2 


NGC 185 


151 


-1.37 


25.24 


0.182 


0.56 


24 


68 





55 





77 


24 


13 


23.79 


200" 


3 


NGC 205 


30 


-0.85 


25.54 


0.062 


0.19 


25 


35 





70 





77 


24 


65 


24.65 


200" 


4 


NGC 224 


54 


-1.60 


25.30 


0.062 


0.19 


25 


11 





51 





55 


24 


60 


24.55 


HST 


5 


And I 


72 


-1.46 


25.14 


0.054 


0.17 


24 


97 





53 





57 


24 


44 


24.40 


HST 


6 


SMC 


514 


-1.70 


19.74 


0.087 


0.27 


19 


47 





49 






18 


98 




1.3m 


7 


Sculptor 


226 


-1.70 


20.14 


0.018 


0.06 


20 


08 





49 





43 


19 


59 


19.65 


40" 


8 


IC1613 


13 


-1.30 


25.00 


0.025 


0.08 


24 


92 





57 





60 


24 


35 


24.32 


HST 


9 


And II 


72 


-1.49 


24.87 


0.062 


0.19 


24 


68 





53 





57 


24 


15 


24.06 


HST 


10 


NGC 598 


43 


-1.30 


25.12 


var 


var 


25 


34 





57 





67 


24 


77 


24.67 


HST 


11 


Phoenix 


4 


-1.40 


23.64: 


0.016 


0.05 


23 


59 





54 






23 


05: 




4m 


12 


Fornax 


197 


-1.95 


21.27 


0.042 


0.13 


21 


14 





47 





48 


20 


67 


20.66 


HST 


13a 


Fornax 


72 


-1.78 


21.28 


0.042 


0.13 


21 


15 





48 





44 


20 


67 


20.72 


6.5m 


13b 


Fornax 


500 


-1.81 


21.38 


0.042 


0.13 


21 


25 





48 






20 


77 


20.75 


1.3m 


13c 


LMC 


108 


-1.46 


19.37 


0.101 


0.31 


19 


06 





53 





61 


18 


53 


18.45 


1.54m 


14 


Carina 


58 


-1.90 


20.76 


0.063 


0.20 


20 


56 





47 





58 


20 


09 


20.10 


4m 


15a 


Carina 


33 


-2.2: 


20.69 


0.063 


0.20 


20 


49 





40 





57 


20 


09 


19.93 


1.3m 


15b 


Leo A 


8 


-1.70 


25.10 


0.021 


0.07 


25 


03 





49 





53 


24 


54 


24.51 


3.8m 


16 


Leo I 


74 


-1.82 


22.60 


0.036 


0.11 


22 


49 





48 





44 


22 


01 


22.04 


2.2m 


17 


Sextans 


36 


-1.60 


20.36 


0.050 


0.16 


20 


20 





51 





57 


19 


69 


19.67 


Im 


18 


Leo II 


80 


-1.90 


22.10 


0.017 


0.05 


22 


05 





47 





44 


21 


58 


21.66 


3.6m 


19 


UMi 


82 


-1.90 


19.86 


0.032 


0.10 


19 


76 





47 





60 


19 


29 


19.35 


3.52m 


20 


Draco 


94 


-1.60 


20.18 


0.027 


0.08 


20 


10 





51 





69 


19 


59 


19.61 


1.2m 


21 


Sag dSph 


63 


-1.79 


18.17 


0.153 


0.47 


17 


70 





48 





52 


17 


22 


17.19 


0.9m 


22 


NGC 6822 


15 


-1.92 


24.63 


0.236 


0.73 


23 


90 





47 





50 


23 


43 


23.41 


VLT 


23 


And VI 


91 


-1.58 


25.30 


0.064 


0.20 


25 


10 





51 





55 


24 


59 


24.56 


2.5m 


24 



References. — (1 




3) 


Saha et al. 


199d (2) 'Pritzl et al. 2005; (3) 


Saha & Hoessel 1990l; (4) 


Saha et al. 1992; (5) 


Brown et al. 200^ 


; ( 


Pritzl et al. 


2005.: (7) ? 


(oszvnski et all 2002; (8) Kaluznv et al. Il995: (9) Dolohin et al, 2001; 


(10) 


Pritzl et al. 


2004: (11) Saraiedini et al. 


2006: (12) Gallart et al. 


2004; (13a) Mackev & Gilmorel I2OO3I; (13b) 


Greco et al. 12005: (13cl 


Bersier & Wood 12002; (14) 


!Z!lementini et al. 


2003al; 


Soszvnski et al. 20031 lAlcock et al. 


2004; 


Borissova et all 2004; (15a)'Saha et all 19861: fl5b)ludalskill2000l: fl6)lDolDhin et al.ll2002: (17) 


Held et al.ll200d 


2001; 


(18) 


Vlateo et al. 


1995a£ (19) Demcrs & Irwin, 1993,; Siegel & Maiewski 


2000; (20) Nemec et al. 


1988; .Bellazzini et al. 


2002 


Carrera et al. 


2002: (21) Bonanos et al 


200-^ 


: Grillmair et al 


1998: 


Nemec Il985: Aoaricio et al. 


2001; (22) 


Lavd 


en & Saraiedini 


2000: Mateo et al, 1995b: (231 


Clementini et al. 2003b; McAlarv et all 19831; (24) 


Pritzl et al. 


2002, 
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Table 2. Calibration of the TRGB by means of RR Lyr stars. 





\^ ^ ) 




^TRGB 


^jTRGB 


Ref 




(2') 








v') 


Leo A 


1.33 


24.54 


20.53 


-4.01 


1 


Sex dSph 


1.35 


19.69 


15.78 


-3.91 


2,3 


And I 


1.40 


24.44 


20.49 


-3.95 


4 


UMi 


1.40 


19.29 


15.20 


-4.09 


5 


SMC 


1.45 


18.98 


14.95 


-4.03 


6 


Sculptor 


1.47 


19.59 


15.57 


-4.02 


7 


Draco 


1.48 


19.59 


15.62 


-3.97 


5 


And II 


1.51 


24.15 


20.11 


-4.04 


4 


Carina 


1.54 


20.09 


16.03 


-4.06 


8 


Leo I 


1.55 


22.01 


17.95 


-4.06 


9 


IC1613 


1.56 


24.35 


20.24 


-4.11 


7 


Leo II 


1.60 


21.58 


17.56 


-4.02 


2 


Phoenix 


1.60 


23.05: 


19.17 


(-3.88) 


2 


Fornax 


1.61 


20.67 


16.68 


-3.99 


10 


NGC598 


1.65 


24.77 


20.65 


-4.12 


4,7,11 


NGC6822 


1.65 


23.43 


19.35 


-4.08 


12 


And III 


1.69 


24.36 


20.35 


-4.01 


13 


LMC 


1.70 


18.53 


14.54 


-3.99 


7 


NGC 147 


1.70 


24.20 


20.20 


-4.00 


13,14 


And VI 


1.71 


24.59 


20.45 


-4.14 


13 


NGC 205 


1.71 


24.65 


20.53 


-4.12 


13 


NGC 185 


1.76 


24.13 


19.98 


-4.15 


7,13 


NGC 224 


1.89 


24.60 


20.46 


-4.14 


7,13 


Sag dSph 




17.22 


12.46^) 


(-4.76) 


2 


mean 








-4.05 ± 0.02 



a = 0.08,7V = 22 



^) Poorly defined 



References. — References to mT^^^: (1) 


Dobhin et al. 20031 (2) 


Karachentsev et al.ll2004; C3) Lee et al. 20031 C4) McConnachie et al. 


2004; ib^ Bellazzini et al. 2002; (6) Udalski 2000l: Icioni et all 


2000; 


(7) 
(9) 


Rizzi et all 2007; (81 ISmecker-Hane et al.lll994; Udalskil 


1998; 


Bellazzini et al. 2004bl (10) Bersier 


200d (ID Galleti et al. 


2004; (12) 


Gallart et al. 19961 (131 McConnachie et al.l 2005 


(14) 


Han et al. 


1997. 
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Table 3. A tentative TRGB calibration of the SNIa luminosity. 



SN 
(1) 


my 
(2) 


galaxy 
(3) 


Mtrgb 
(4) 


group 

(5) 


(Mtrgb) 
(6) 


n 

(7) 


Ref. 

(8) 


MO(SNIa) 
(9) 


1937C 


8.99 


IC4182 


28.21 


CnV II 


28.26 


16 


1 


-19.22 


1972E 


8.49 


NGC5253 


27.89 


CenA 


27.89 


24 


2 


-19.40 


1989B 


10.95 


NGC3627 




Leo I 


30.43 


2 


3 


-19.48 


1998bu 


11.04 


NGC3368 




Leo I 


30.43 


2 


3 


-19.39 


mean 
















-19.37 ± 0.06 



Re ferences. — ( 1) ISakai et al 
20041 for NGC 3351; ISakai et al.lll997l for NGC 3379. 



2004t iRizzi et al.ll2007l (2) ISakai et al.l 12004 (3) ISakai et al 



Table 4. Slopes of P-C relations in Galaxy, LMC, and SMC. (Fits for 0.4 < logP < 1.0) 





Galaxy 


LMC 


A 


SMC 


A 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


{B-V)° 


0.366 ±0.15 
0.256 ±0.15 


0.273 ±0.024 
0.160 ±0.022 


0.093 ±0.028 
0.096 ±0.027 


0.198 ±0.024 
0.199 ±0.024 


0.168 ±0.028 
0.057 ±0.027 
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Table 5. Metalli cities and P-L slopes of nine galaxies. 



Galaxy 


[0/H]tc 


slope B 


slope V 


slope / 


error V 


original source 


NGC3351 


8.85 




-3.12 


-3.38 


0.39 


Graham et al. 1997 


NGC4321 


8.74 




-3.17 


-3.43 


0.34 


Ferrarese et al. 1996 


M31 


8.66 


-2.55 


-2.92 




0.21 


Vilardell et al. 2007 


Galaxy 


8.60 


-2.69 


-3.09 


-3.35 


0.09 


STR_04 


LMCi) 


8.34 


-2.34 


-2.70 


-2.94 


0.03 


Udalski et al. 1999a 


NGC 68222) 


8.14 




-2.49 


-2.81 


0.10 


Pietrzvnski et al. 2004 


NGC3109 


8.06 




-2.13 


-2.40 


0.18 


Pietrzvnski et al. 2006b 


SMC^) 


7.98 


-2.22 


-2.59 


-2.86 


0.05 


Udalski et al. 1999b 


IC1613 


7.86 


-2.36 


-2.67 


-2.80 


0.12 


Antonello et al. 2006 


WLM 


7.74 




-2.52 


-2.74 


0.15 


Pietrzvnski et al. 2007 


Sextans A+B 


7.52 


-1.43 


-1.59 


-1.47 


0.39 


Piotto et al. 1994 



Single- fit slope, neglecting the break at P = 10*^. 



2) Because of large scatter the slope depends somewhat on the period cut-off; here P > 5.5'^. 
■^^ Omitting Cepheids below P — 2.5'^. 



Table 6. Distance of LMC from literature since 2002. 



Author(s) 


(m - Mf 


Method 


Fitzoatrick et al. 2002 


18.50 ±0.05 


eclipsing binary HV982 


Fouaue et al. 2003 


18.55 ±0.04 


BBW 


Clausen et al. 2003 


18.63 ±0.08 


eclipsing binaries 


Clementini et al. 2003a 


18.52 ±0.09 


review 


Groeneweeen & Salaris 2003 


18.58 ±0.08 


main sequence of NGC1866 


Salaris et al. 2003 


18.47 ±0.01 


red-clump stars 


Storm et al. 2004 


18.48 ±0.07 


BBW 


Feast 2004 


18.48 ±0.08 


Miras 


DairOra et al. 2004 


18.52 ±0.03 


semi-theoretical 


Sakai et al. 2004 


18.59 ±0.09 


TRGB 


Alves 2004 


18.50 ±0.02 


review 


Panada 2005 


18.56 ±0.05 


SN1987A hght echo 


Gieren et al. 2005b 


18.53 ±0.06 


BBW 


Sandaffe & Tammann 2006 


18.55 ±0.10 


RR Lyr 


Keller & Wood 2006 


18.54 ±0.02 


bump Cepheids 


Solhma et al. 2006 


18.54 ±0.15 


RR Lyr in K band 


mean 


18.534 ± O.Oli 
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Table 7. The distance of SMC from literature since 2004. 



Author(s) 


(m - M)° 


Method 


Sakai et al. 2004 


18.96 ±0.10 


TRGB 


Storm et al. 2004 


18.88 ±0.14 


BBW 


Hilditch et al. 2005 


18.91 ±0.03 


eclipsing binary 


Sandas;e & Tammann 2006 


18.96 ±0.10 


RR Lyr 


Keller & Wood 2006 


18.93 ±0.02 


bump Cepheids 


mean 


18.93 ± 0.02 





Table 8. Distance modulus corrections to be applied to distances derived from the LMC 

P-L relations in V and / for any increase of the metallicity by A[0/H] =0.1 from 

[0/H]LMC = 8.34. 



logP 


0.50 


0.75 


1.00 


1.25 


1.50 


A/i 


-0.07 


-0.03 


+0.01 


+0.05 


+0.09 



- 49 - 



Table 9. Comparison of the ISTT 06l Cepheid distances^^ with TRGB distances. 



Name 




MCcp 




Mtrgb 
Mi = —4.05 


Source 


A 

A 




A^TRGB 

(met. corr.j 


A 


Source 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 




26.41 


26.64 


a,b 


—0.23 








NdC 114 


24.54 


24.46 


c,d 


+0.08 


24.37 


+0.17 


1 


NGC 300 


26.48 


26.56 


d 


—0.08 


26.48 


+0.00 


1 




24.64 


24.66 


c,d 


—0.02 


24.71 


—0.07 


1 


NCC 2403 


27 A3 


(27.62) 












NGC 3031 


27.80 


27.80 


d 


+0.00 


27.70 


+0.10 


1 


NGC 3109 


25.45 


25.54 


d 


-0.09 


25.57 


-0.12 


1 


NGC 3351 


30.10 


30.23 


d f 


-0.13 


29.92 


+0.18 


1 


NGC 3621 


29.30 


29.27 


d 


+0.03 


29.26 


+0.04 


1 


NGC 4258 


29.50 


29.32 




+0.18 


29.37 


+0.13 


2,3 


NGC 5128 


27.67 


27.89 


i,j 


-0.22 


27.90 


-0.23 


4 


NGC 5236 


28.32 


28.56 


k 


-0.24 








NGC 5253 


28.05 


27.89 


f 


+0.16 








NGC 5457 


29.17 


29.39 


d,f 


-0.22 


29.34 


-0.17 


1 


NGC 6822 


23.31 


23.37 


f 


-0.09 


23.37 


-0.06 


5 


IC1613 


24.32 


24.33 


d 


-0.01 


24.38 


-0.06 


1 


IC4182 


28.21 


28.19 


d 


+0.02 


28.23 


-0.02 


1 


WLM 


24.82 


24.87 


c,d 


-0.05 


24.93 


-0.11 


1 


mean 








-0.05 ± 0.03 

a = 0.13, N ^17 


-0.02 ± 0.03 

a = 0.13, iV = 14 



1) Added are here NGC 55, IC 1613, and WLM from 
Refere nces to At^Bpn: ( a) ISeth et all boost (h) ITuIIv etlUbood (( 



2005t (d)lRizzi et al 



Mouhcine et al 



Karachentsev et al. 200 



20071: (e) mean distan ce of 6 group meinbers; (f l lSakai et al.ll2004l: fgl 



McConnachie et al 



2005^ (h) iMacri et al.ll2006t fi) iReikuba et al-lboost fi) lKarataeva et al 



2006 



(k) 

References to metallic ity-c orrected iJ^vtm^ : (1) Rizzi et al. _ 2007 : (2) Maori et al. 2006t 
(3) iMouhcine et al.ll2005t (41 IPerrarese et al.|[2007t (51 ISakai et al.ll2004 Some additional 
distances: 



NGC 224 n° = 24.44 ± 0.12 from an eclipsing binary |Ribas et al.ll2005l ) 



NGC 300 /i° — 26.41 from VIJK photometry of Cepheids and assuming /Ulmc = 18.54 
(iGieren et al.ll2005al) 



NGC 598 = 24.92 ± 0.12 from an eclipsing binary |Bonanos et al.ll2006h 
NGC 4258 = 29.29 ± 0.08 ± 0.07 from water maser |Herrnstein et al.lll999l ) 



NGC 6822 ijP = 23.35 from VIJK photometry of Cepheids and assuming /iLMC ~ 18-54 
ICieren et al.ll2006h 
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[Fe/H], 
-2.3-2.0-1.8 -1.6-1.5-1.4 



\ \ \ \ \ \ 

-4.4 h -2.1-2.0-1.6 -1.4-1.3 -1.2 

[Fe/H]cG 



-1.2 -1.1 

H \ 

-1.0 -0.95 



-4.2 



N0224 



-4.0 - 



-3.8 - 



- adopted 



1.4 



1.6 1.8 

(y_|jTRGB 



2.0 



Fig. 1. — Absolute TRGB magnitudes M™^^, as determined from the difference of the 
apparent TRGB magnitude and the RRLyr star distance, in function of the color (V — I) 
and metallicities of the TRGB. The corresponding metallicities are given at the upper edge 
of the figure (see text). Note that bluewards of (V — I) = 1.4 the color becomes insensitive 
to metallicity. The six late-typ e galaxies are shown as triangles. The five independent 
calibrators of iRizzi et al.l (120071 ) are shown as open symbols. Semi-theoretical predictions 
of the dependence of Mj^'^^ on metallicity of th ree different groups are drawn; they are 



normalized to Mj^^^ = -4.05 at (V -I) = 1.6 flSalaris fc Cassisil Il998l. eq. (5): dashed; 



Bellazzini et al.ll2004al : dashed-dotted: iRizzi et al.l 120071 : dotted). 
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Fig. 2. — P-L relation in V of metal- rich Cepheids in the Galaxy {circles), NGC4321 (x), 
and NGC3351 {crosses). The latter two galaxies define a slope in good agreement with the 
Galaxy {dotted line). For comparison the LMC P-L relation for logP > 1.0 is shown as a 
dashed fine. 




Fig. 3. — Left panel: Ridge line P-L relation in V for LMC. The break at logP = 1.0 is 
highly significant. Right panel: Ridge line P-L relation in V for SMC omitting Cepheids 
with log P < 0.4. The dashed fines are the extrapolations of the P-L relation of the Cepheids 
with logP < 1.0. 
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Fig. 4. — Slope of various P-L relations in V in function of the metallicity [O/Hjxe- Open 
circles are the means of seven galaxies each from ISTT 06l (Fig. 10). 
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Fig. 5. — Difference A/i° = fi^ — /^trgb function of [0/H]Te for the Cepheids. 
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Fig. 6. — Luminosity of SNela in function of the metallicity of the Cepheids which led to 
the distance of the parent galaxy. 
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Fig. 7.— Difference of A// = n^^ep - /^velocity 
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Fig. 8. — Hubble d iagram of 32 clusters with relative 21cm line width distances from 
Masters et al.l ( l2006l ). The zero point is arbitrarily set at the Fornax cluster. Note the 
spurious break of the Hubble line (see text). 
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Fig. 9. — Distance-calibrated Hubble diagrams for a) TRGB distances; the M81, CenA, and 
IC 342 groups are shown as squares at their mean position; b) Cepheid distances (the Virgo 
und Fornax cluster members are plotted at ^220 = 1152 and 1371 km s~^, respectively); c) 
21cm line width distances of a complete sample of field galaxies with ^220 < 1000 km s~^; 
the Virgo cluster and the UMa cluster (at t'22o = 1236 km s~^) are also shown; d) SNIa 
distances with t>22o < 2000 km s~^; the dashed hne is the downwards extension of the Hubble 
line defined by 62 SNe la with 3000 < vqmb < 20, 000 km s~^ and reflecting the large-scale 
value of Hq (from ISTS 06l ). Triangles denote cluster members. Open symbols are objects 
with fjP < 28.2 or in c) with t>22o < 200kms~^ and a few deviating objects (identified); open 
symbols are not considered for the solution. 



